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2.6 Satellite Imagery
2.6.1 Methods

Data were obtained from the NOAA-9 satellite Advanced Very-High Resolution Ra-
diometer (AVHRR) during the period 4/1/90-9/30/90. The thermal infrared channel
was used to provide estimates of surface temperature. The resolution of the data is
roughly 1 km, but in some cases it is degraded due to the satellite position. Satellite
passes occurred twice per day, at approximately noon and midnight local time. Par-
tial or total cloud cover obscured many of the images, but there were 26 images that
were clear enough to provide useful oceanographic information.

The satellite data provide truly synoptic resolution of the surface temperature,
complementing the other data types in the study. Because of the fairly consistent
relationship between surface temperature and salinity during the spring and summer
(fig. 2.6-1), the satellite data provide a means of identifying freshwater pulses that
originate from the Gulf of Maine. The surface manifestation of upwelling is well
resolved by the satellite data, particularly because upwelling conditions tend to occur
with clear skies.

2.6.2 Satellite Observations

The times when good satellite images were obtained are indicated in the vertical
lines in fig. 2.6-2. Temperature and salinity timeseries data are superimposed for
comparison. Figures 2.6-3 through 2.6-15 include the actual satellite imagery, grouped
in some cases when there is a chronological sequence of images. The coldest water is
shown as white, and the warmest water as black, with the temperature range shown
at the top of each figure. The land tends to show up dark in the pm images and light
in the am images. Clouds are light (or white).

The images from the early spring period (figs. 2.6-3 and 2.6-4) show little tem-
perature structure. Figure 2.6-4 provides a comparison with the April hydrographic
measurements.

Figure 2.6-5 captures a major run-off event that occurred between May 11
and May 25, cresting on both the Merrimack and Charles Rivers around May 18.
Broad Sound salinity hit a minimum of 30.2 psu on May 22, and Scituate salinity
dropped to 30.7 psu 2 days later, then dropped again to 30.2 psu to on around May 30.
The minimum salinity at U-6 of 29.4 psu occurred on May 29. Interpretation of the
satellite imagery is based on the assumption that the low-salinity water emanating
from the rivers is warmer than the ambient water. This is evident from the T-S
relation of the moored data (fig. 2.6-1), which show that a 1 psu decrease in salinity
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corresponds roughly to a 2°C increase in temperature.

The satellite image from 5/25/90 (fig. 2.6-5a) shows a distinct coastal current
travelling down the western Gulf of Maine, apparently coming from the Kennebec-
Androscoggen. ‘A blob of warm water appears to be emanating from the mouth of the
Merrimack. A warm feature along the coast south of Boston suggests a coastal flow
from Boston Harbor. While it is a faint feature, this interpretation is supported by
salinity data fromn Scituate. This feature extends approximately as far as Plymouth.
Warm water south of Cape Ann may have come from the Merrimack.

The a.m. image on 5/27/90 (fig. 2.6-5c) shows that the blob has curved around
Cape Ann toward Massachusetts Bay. A cold filament extending southeastward off
the tip of Cape Ann strongly suggests that there is a coastal convergence and offshore
flow there. The feature looks like a mushroom vortex, suggesting jet-like flow with
recirculation on either side.

The p.m. image on 5/28/90 (fig. 2.6-5¢) shows a southward continuation of
the mushroom feature. Again there is distinct evidence of flow separation at Cape
Ann, with cold water being pulled up on the seaward side. A ‘cloud obscures the
conditions in Cape Cod Bay.

Figures 2.6-6—2.6-11 indicate variations of near-surface temperature during a
variety of wind forcing conditions in the Bays (see captions for details).

Figure 2.6-12 provides a sequence during which a persistent upwelling pattern
is evident. The strongest upwelling event of the year occurred during this period
(see also Section 3.3). Strong SW winds starting on 7/16/90 (fig. 2.1-1) initiated
an upwelling period that was sustained for approximately 1 week, due to persistence
of the SW wind regime. Large drops in surface water temperature at Scituate and
Broad Sound were observed during this period.

Figure 2.6-12 shows the sequence of satellite images during this time interval,
some of which are cloud-free. The am images (figs. 2.6-12 b, e and f) provide better
resolution of the coastal temperature anomaly than the pm images. The clearest
image is figure 2.6-12e, which shows a band of upwelled cold water starting just west
of Barnstable Harbor and extending north to Cape Ann. The region from Boston
to Cape Ann has a broad region of low temperature, extending 20 km from the
coast, while the upwelling band is approximately 10 km wide in the southern part of
Massachusetts Bay and Cape Cod Bay. Patches of cold water are observed offshore
of Scituate and Manomet. These appear to be the result of offshore advection of
upwelled water. The sequence of images shows that the structure and intensity of the
upwelling varies through the course of the period.

Figure 2.6-13 indicates the temperature field resulting from strong northerly
winds. There is no sign of upwelling, and warm water is found in southern Cape Cod
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Bay. A curved frontal feature is found wrapping around Race Point.

Another upwelling sequence is included in figs. 2.6-14a—e. Unlike the previous
upwelling sequence, wind forcing was more intermittent during this period, but still
there was a marked upwelling signature. A persistent pool of warm water is found
within Cape Cod Bay.

Downwelling conditions (NE winds) are depicted in figure 2.6-15. Warm water
is found throughout the Bays, but particularly along the west coast and in Cape Cod
Bay.
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Figure 2.6-1 Temperature-Salinity (T-S) diagram for near-surface moored data
from April-June, 1990, at Boston Buoy, Scituate and U6 moorings. The
roughly linear relation allows temperature to be used as a proxy for salinity in
tracking freshwater plumes from the Gulf of Maine with the satellite imagery.
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Flgure 2.6-3 4/23/90. Just at the beginning of the Mass. Bays Program moor-
ing deployment, weak gradients are observed throughout the region. There
is some warm water north of Cape Ann, suggesting a coastal plume. The
warmest water (darker) is in eastern Cape Cod Bay.




Figure 2.6-4a 4/28/90. Concurrent with spring hydrographic cruise. Weak southerly
winds during the period. Buoyant water extending offshore north of Cape
Ann. Mass. Bay mostly obscured.



Figure 2.6-4b 4/28/90. Buoyant plume has advected south, now trending south-
eastward off Cape Ann. Major freshening occurs several days later in Mass.
Bay, as the freshwater is advected by strong northeasterly winds.
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Figure 2.6-5a 5/25/90. Major freshwater inflow event. Winds during this period
were weak southerlies. Salinity in Mass. Bay dropped by 1 psu during this
period. Sequence of images shows plume starting out north of Cape Ann and
then extending south into Massachusetts Bay (see text for detailed descrip-
tion).
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Figure 2.6-5b 5/26/90. Major freshwater inflow event.
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Figure 2.6-5¢ 5/27/90 (am). Major freshwater inflow event.
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Figure 2.6—5d 5/27/90 (pm). Major freshwater inflow event.
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Figure 2.6-5e 5/28/90. Major freshwater inflow event.




Figure 2.6-6 6/5/90. Moderate northwesterly winds, end of freshening event.
Southeast-trending gradients, with cold band extending across Stellwagen
Bank from Cape Ann. Warm areas off Cohasset and in eastern Cape Cod

Bay.




Figure 2.6-7 6/13/90. Weak SE winds, following strong northerlies. Cold water
to north, warm water in Cape Cod Bay




Figure 2.6-8 6/15/90. Weak SE winds. Warm water filling Cape Cod Bay, with
suggestion of warm “burp” just west of Provincetown. Indication of coastal
plume around Cape Ann.
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Figure 2.6-9 6/26/90. Persistent SW winds for several days, with evidence of
coastal upwelling. Filament of cold water extending from Manomet to Race
Point.
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Figure 2.6-10 7/4/90. Strong WSW winds in Cape Cod. Some evidence of up-
welling in Cape Cod Bay.
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Figure 2.6-11 7/11/90. Moderate westerly winds. Upwelling north of Boston.



Figure 2.8-12a 7/16/90. Persistent upwelling driven by sustained SW winds. (See
text for detailed description).




Figure 2.6-12b 7/17/90 (am). Persistent upwelling driven by sustained SW winds.






Figure 2.6-12d 7/18/90. Persistent upwelling driven by sustained SW winds.




Figure 2.6-12¢




Figure 2.6-12f 7/20/90. Persistent upwelling driven by sustained SW winds.




Figure 2.6-12g 7/21/90. Persistent upwelling driven by sustained SW winds.



Figure 2.6-13 8/3/90. Two days after strong northerly winds. Curved tempera-
ture front around Race Point, with warm water in southern Cape Cod Bay.




Figure 2.6-14a 8/13/90. SW and W winds. Upwelling, particularly in Cape Cod
Bay. Very warm water in eastern Cape Cod Bay.




Figure 2.6-14b 8/15/90. SW and W winds.




Figure 2.6-14c 8/16/90. SW and W winds.




Figure 2.6-14d 8/17/90. SW and W winds.




Figure 2.6-14e 8/18/90. SW and W winds.




Figure 2.6-15 9/4/90. Strong NE winds. Warm water throughout Bays, particu-
larly in southern Cape Cod Bay and along coast south of Boston.
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2.7 Nutrients and Total Suspended Solids
2.7.1 Methods for Nutrients and Suspended Solids

Field Component

Samples for nutrient analysis and total suspended solids (TSS) analysis were
collected at stations within Massachusetts and Cape Cod Bays on the ten cruises
run by University of Massachusetts at Boston and/or Woods Hole Oceanographic
Institution. The stations selected for sampling were chosen to be representative of
the Massachusetts Bays system and were a subset of the UMB/WHOI hydrographic
stations (figs. 1.4 and 2.4-2). The nutrient/TSS stations chosen at the ends and in
the middle of the transects were intended to provide representative samples of both
the near coastal and mid-Bays areas.

The number of depths sampled at each station depended on the season and
the water depth at that station. Fewer depths were sampled in the winter months
when the water column was not stratified and thus vertically mixed, and more depths
were sampled at deeper stations and during seasons when the water column was
well stratified. The depths chosen were determined in consultation with the physical
oceanographers in order to obtain representative samples of the waters masses during
each cruise and at each station and to characterize the nutrients and suspended solids
above, below, and within the pycnocline. Niskin bottles were then used to collect
water at the chosen depths. Water samples for nutrient analysis were drawn directly
from the Niskin bottles into acid-washed sample-rinsed plastic vials and frozen on dry
ice. Water samples for TSS were stored in plastic bottles and filtered (by suction)
through tared 47-m Gleman GFC filters within one-half hour after collection.

Laboratory Analysis

Determination of the total suspended solids (TSS) and volatile suspended
solids (VSS) was done using a slight modification of the methods of Strickland and
Parsons (1972).

All inorganic nutrient samples were analyzed utilizing a computerized 3-channel
Technicon AutoAnalyzer system using methods for sea water nutrient chemistry de-
scribed by Technicon and summarized by Glibert and Loder (1977) and Loder and
Glibert (1977). All samples were quantified against working standards prepared by
diluting stock standards in low nutrient sea water. The stock standards were made
with dried and carefully weighed reagent-grade primary standard reagents. New stock
standards were always compared to old stock standards to ensure that there was con-
tinuity between analyses made over long periods of time. The salinity of the low
nutrient sea water (36.5 psu) was adjusted to approximate the salinity of the samples
(32 psu) by dilution with small amounts of nutrient-free deionized water. Working
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standards were made daily by diluting the stock standards with calibrated Eppen-
dorf microliter pipets and glass volumetrics except for silicate standards, which were
prepared in plastic volumetrics.

All standards were run in quadruplicate and blanks were run in triplicate. A
working calibration curve based on a single standard addition technique with the low
nutrient sea water was used for determining the concentration of the nutrients in the
samples. This worked well because the nutrient chemistries are linear in the range of
concentrations normally found in these coastal waters.

2.7.2  Nutrients and Total Suspended Solids: Observations

This subsection describes the results of the nutrient and total suspended solids mea-
surements for the six baywide surveys (see Section 2.4.1). The nutrient (ammonium,
nitrate & nitrite, phosphate and silicate) and TSS data from the baywide cruises are
discussed and presented in this section in a series of contour plots. The horizontal
contour plot represents the surface (1 m) values. The vertical plots represent longi-
tudinal N-§ sections (looking E) for a series of sections moving away from the coast
(fig. 2.7-1). Nutrient vs. nutrient plots are also presented to help in interpreting
relative changes of one nutrient vs. another. Ratio lines such as the observed 8:1 line
shown in fig. 2.7-7 are drawn to help in determining these relative changes.

April 27-28, 1990

There are a number of prominent features noticeable in horizontal contour plots
of near-surface nutrient distributions for this cruise (figs. 2.7-2 to 2.7-5). All nutrients
were low in south-central area of the Bays. There were high ammonium, nitrate plus
nitrite (hereafter referred to as nitrate), and silicate concentrations in the northern
section of the Bays just outside Boston Harbor in Broad Sound. There were also
high concentrations of nitrate, phosphate, and silicate observed just south of Cape
Ann. In both locations, the high nutrient concentrations were associated with lower
salinity water (fig. 2.4-6), suggesting that the high surface-nutrient concentrations
were associated with incoming fresh water from Boston Harbor and the Gulf of Maine.
The river discharge data seem to support this conclusion. There was a maximum in
river discharge for the Maine rivers and the Charles River just prior to this cruise.
TSS showed a pronounced mid-depth maximum, with values up to 3 mg |-! (fig.
2.7-6). The TSS peak occurred at the same location as the fluorescence maximum
(fig. 2.4-12), suggesting that the TSS was mostly biogenic at this level.

Inner-Bays N-S Section

The ammonium and phosphate concentrations were somewhat scattered (figs.
2.7-2 and 2.7-4) with high surface concentrations in the northern section of the Bays.

f
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The nitrate and silicate concentrations (figs. 2.7-3 and 2.7-5) were low in the surface
waters and increased with depth. The low nitrate and silicate concentrations found
in the surface waters extended farther down the water column in the central area of

the Bays. The TSS values were low in the surface waters and increased with depth
(fig. 2.7-6).

Mid-Bays N-S Section

All nutrients had higher surface concentrations in the northern section of the
Bays although the higher silicate concentrations extended father south than the other
nutrients (figs. 2.7-2—2.7-5). The nitrate and ammonium concentrations were low
even at depths below the mixed layer in the southern section of the Bays. This was
not the case for the other nutrients. The nutrient gradients were much steeper at
stations in the southern section of the Bays with higher nutrient concentrations at
relatively shallow depths. The highest nutrient concentrations were observed at depth
in Stellwagen Basin.

Nutrient/Nutrient Plots

Nutrient vs. nutrient plots such as the nitrate vs. phosphate plot (fig. 2.7-7)
are useful for determining relative changes of one nutrient vs. another. The ratio
for N:P:Si (where N = nitrate + nitrite) of approximately 8:1:8 for the furthermost
offshore and deepest waters in Massachusetts Bays represents ratios for the assumed
GOM source water to Massachusetts Bays during the April cruise. These ratio lines
were drawn on all cruise nutrient/nutrient plots for easy comparison between cruises.
Although nitrate, phosphate, and silicate were all depleted in surface waters and in
the southern sections as described above, the relative amounts of depletion of these
nutrients were different. Nitrate (as well as DIN = nitrate + nitrite + ammonium)
was depleted more rapidly than either phosphate or silicate, so that when the nitrate
(or DIN) concentration was essentially zero there was still 0.1-0.4 uM phosphate and
1-2 pM silicate remaining in the water column. This suggests that nitrogen could be
the limiting nutrient. Silicate was also depleted relative to phosphate in the southern
section of the Bays but followed the 8:1 ratio in the northern section of the Bays.

July 24-26, 1990

The horizontal contours indicate that all nutrient concentrations and TSS val-
ues were relatively high in the northern section of the Bays just outside of Boston
Harbor in Broad Sound, although ammonium and nitrate were lower and phosphate
and silicate were higher than observed in April (figs. 2.7-8—2.7-12). The rest of the
Bays had low surface ammonium and nitrate concentrations (less than 1 gM). Phos-
phate and silicate concentrations and TSS values were also high along the coast in
the northern section near Cape Ann as well as in the southern section along the coast
of Cape Cod Bay. The high nutrient concentrations and TSS values in the northern
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section along the coast of Cape Ann and along the coast down into Cape Cod Bay
were associated with high salinity water (fig. 2.4-13) and low temperature water (fig.
2.4-12), suggesting an upwelling event.

N-S Sections

All N-S sections show the same general trends with nutrient concentrations
generally low at the surface and higher at depth, especially in Stellwagen Basin (figs.
2.7-8—2.7-11). However, there were specific interesting features in some of the pro-
files. Ammonium concentrations were low throughout most of the water column while
phosphate and silicate had high surface concentrations in the northern section of the
Bays as was seen in the horizontal contour plots. Phosphate and silicate had upward
sloping contour lines in the southern section of the Bays where it is much shallower
while ammonium and nitrate remained low throughout the whole water column in the
southern section. In a general sense, phosphate and especially silicate reflect trends in
salinity in the Mid-Bays section with higher silicate following higher salinity (fig. 2.4-
16). High concentrations of silicate were found in Stellwagen Basin near the bottom.
However, even higher concentrations were found in near bottom but relatively shallow
water (16-26 m) at stations MA3 and MA6 (fig. 2.4-2). All nutrients were found to
he high there suggesting this was an area of major nutrient regeneration. The source
of the organic matter for regeneration to nutrients in this area is unknown at this time
- and warrants further study. This area also appears to be an area of denitrification
which is discussed in the summary.

Nutrient/Nutrient Plots

Nutrient-nutrient plots (fig. 2.7-13) include the 8:1:8 ratio lines for comparison
with the April data set (fig. 2.7-7). Nitrate was depleted relative to phosphate in the
southern section of the Bays and the surface waters of the northern section. Nitrate
was depleted with respect to silicate in both the northern and southern sections of
the Bays. In sections of the water column where all the nitrate had been removed
there was still 0.1-0.5 uM phosphate and 1-6 uM silicate left in the water column.
Phosphate and silicate follow each other and the ratio of 1:8 much more closely than
nitrate, except at high concentrations where the silicate concentrations were relatively
higher.

October 16-18, 1990

Some distribution trends observed during the spring and summer were also
present during the fall. All of the nutrient concentrations and the TSS values were
high in the northern section of the Bays just outside of Boston Harbor in Broad
Sound (figs. 2.7-14—2.7-18). Nitrate concentrations were also high in the south-
west corner of Cape Cod Bay. Phosphate and silicate concentrations were high along
the coast down into Cape Cod Bay as well. The regions of high surface phosphate
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and silicate concentrations in Cape Cod Bay were associated with higher salinities,
lower temperatures, and higher densities (figs. 2.4-19—2.4-21), characteristic of an
upwelling event or vertical mixing. The area south of Cape Ann and the shallow
southeast corner of Cape Cod Bay and the station farthest off shore into the GOM
had relatively high TSS values (fig. 2.7-18).

N-S Sections

The surface phosphate and silicate concentrations in the southern section of
the Bays on the Inner-Bays and Outer-Bays transects were somewhat higher than the
surface concentrations in the northern sections of the Bays. This is the reverse of what
was observed during the spring and summer cruises. Ammonium surface concentra-
tions were high in the northern section of the Bays on the Inner-Bays transect but in
the south the concentrations were low throughout the water column. The Mid-Bays
transects show the same general trends. High surface phosphate and silicate were
not observed in the south on the Mid-Bays section although there was high surface
phosphate at one station in the northern part of the Bays. The nutrient gradients in
the southern section of the Bays were steep and shallow on the Mid-Bays transect.
High nutrient concentrations for the October cruise were observed at depth in Stell-
wagen Basin on the Mid-Bays section while the highest concentrations of silicate and
phosphate were found in shallow bottom waters of Cape Cod Bay (especially at SW3,
MA3, and PL4). These high concentrations of nutrients suggest that this area is a site
of major nutrient regeneration. Phosphate, silicate, and nitrate concentrations build
up during the summer and fall months and reach a maximum prior to fall cooling
and destruction of the pycnocline with subsequent vertical mixing.

Nutrient/Nutrient Plots

Nutrient-nutrient plots indicate that nitrate was depleted with respect to phos-
phate in the surface waters of both the north and south sections of the Bays, but
generally nitrate followed the 8:1 relationship in the deeper waters of the Bays (fig.
2.7-19). This was not the case in the deep waters of the southern sections for the
April and July cruises (figs. 2.7-7 and 2.7-13) and could be due to a source of Gulf
of Maine water to the southern deep waters at this time of the year. There was some
indication of a strong influx of Gulf of Maine water at depth through the south pas-
sage (see Section 2.2) in early October. Silicate was enriched with respect to nitrate
in the southern section of the Bays but followed a 1:1 relationship in the northern
section of the Bays as was observed on previous cruises in the incoming Gulf of Maine
water. Silicate was depleted with respect to phosphate except in the deeper waters
of the Bays where phosphate was depleted with respect to silicate. When nitrate
concentrations were near zero there was still 0.2-0.4 uM phosphate left in the water
column. ‘
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February 4-6, 1991

The number of stations was increased for the three 1991 cruises with the ad-
dition of several stations located further out into the Gulf of Maine on the eastern
side of Stellwagen Bank. All of the nutrient concentrations except for ammonium
had the same general distribution patterns (figs. 2.7-20, 2.7-22, 2.7-24, and 2.7-26).
The ammonium concentrations were low everywhere except for the station outside of
Boston Harbor in Broad Sound. The other nutrient concentrations were highest in
the Gulf of Maine east of Stellwagen Bank and relatively high in the northern section
of the Bays. The nutrient concentrations in the southern section of the Bays were
relatively low with the lowest concentrations in the southeast corner of Cape Cod
Bay. The TSS values (fig. 2.7-28) had the opposite distributions with low values
in the northern section of the Bays and in the Gulf of Maine and high values in the
southern section of the Bays. There was a large diatom bloom in the southern section
of the Bays especially in Cape Cod Bay during this period (personal communication
with E. Haugin, see also fig. 2.4-32) which may have contributed to high TSS values
in the southeast corner of Cape Cod Bay.

Inner- & Mid-Bays N-S Sections

The nutrient concentrations and TSS values had the same general distributions
on these two transects (figs. 2.7-20, 2.7-22, 2.7-24, 2.7-26 and 2.7-28). The ammo-
nium concentrations were relatively uniform with slightly lower concentrations in the
southern section of the Bays. The nitrate, phosphate, and silicate concentrations
were also relatively uniform with gradually lower concentrations into the southern
sections of the Bays. The TSS values were relatively uniform vertically but the gra-
dient from north to south was fairly pronounced with high values in the southern
section of the Bays. The nutrient concentrations at stations MA1, MA3, and SW6
(fig. 2.4-2) were lower than the surrounding stations and the TSS values here were
higher, suggesting that the bloom that was seen in the southern section of the Bays
was more pronounced at these stations. The nutrient concentrations and TSS values
were high on the Mid-Bays transect at depth in Stellwagen Basin.

QOuter-Bays N-S Section

The distribution of ammonium was the same as observed in the other vertical
sections, vertically uniform with slightly higher concentrations in the northern section
of the Bays (fig. 2.7-21). The nitrate, phosphate, and silicate concentrations (figs.
2.7-23, 2.7-25 and 2.7-27) were slightly reduced at the surface at the northernmost
station and significantly reduced at the southernmost station at all depths. The TSS
values (fig. 2.7-29) were vertically uniform with higher values at the southernmost
station. The southernmost station on this transect was the only station that was near
or in the bloom.
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Gulf of Maine N-S Section

The ammonium and phosphate concentrations had similar distributions with
vertically uniform concentrations and an anomalous feature at depth in the northern
section (figs. 2.7-21 and 2.7-25). There was an area of high ammonium and phos-
phate concentrations at 60-100 m depths at the two northern most stations on this
section. The nitrate and silicate (figs. 2.7-23 and 2.7-27) concentrations had similar
distributions. The water column was slightly stratified with higher concentrations at
depth in the northern section. The higher concentrations of nitrate and silicate were
observed at lower depths in the southern section. The nitrate, phosphate, and silicate
concentrations were low at the southernmost station where the bloom was occurring.
It appears that the low nutrient water associated with the bloom in Cape Cod Bay
extended around the northern tip of Cape Cod (station PL7) and along the coast to
the east (station HII).

Nutrient/Nutrient Plots

The nutrient-nutrient plots include the 8:1:8 ratio lines drawn for comparison
with the previous cruises’ data (fig. 2.7-30). Nitrate to phosphate ratios in the
northern section and most of the southern section were between 9:1 and 14:1, higher
than the 8:1 ratio, suggesting that during the late winter months, deeper Gulf of Maine
water with higher N:P ratios flows into Massachusetts Bays. Lower N:P ratios were
found in the southern section where the bloom occurred. The nitrate and silicate
concentrations generally followed a 1:1 ratio in the south where the diatom bloom
occurred, while in the northern section nitrate was slightly depleted relative to silicate.
In the area of the bloom, silicate was depleted relative to phosphate suggesting that
silicate was the limiting nutrient in the bloom.

March 21-23, 1991

The ammonium concentrations were low throughout the Bays except for out-
side of Boston Harbor in Broad Sound (fig. 2.7-31). Nitrate, phosphate, and silicate
concentrations had similar distributions (figs. 2.7-33, 2.7-35 and 2.7-37) with the
highest concentrations in the Gulf of Maine and southeast of Cape Ann and the
lowest in Cape Cod Bay. The stations just south of Cape Ann had unusually high
silicate concentrations and somewhat higher nitrate concentrations associated with
lower salinities (fig. 2.4-34), similar to what was observed on the April 1990 cruise.
The values were much higher than those found at the stations to the east in the Gulf
of Maine even coming into the Bays from the Maine rivers via the Gulf of Maine
coastal plume. The TSS data for this cruise appeared to be very scattered making
interpretation difficult. The data were not plotted.

Inner- & Mid-Bays N-S Sections

The same general nutrient concentration distributions were observed for both
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of these transects (figs. 2.7-31, 2.7-33, 2.7-35 and 2.7-37). Ammonium surface con-
centrations were low in the northern and southern sections of the Bays but higher in
the center of the Bays. Nitrate, phosphate, and silicate concentrations were relatively
uniform vertically with lower concentrations in the southern section of the Bays. The
nutrient concentrations on the Mid-Bays transect were high at depth in Stellwagen
Basin.

Outer-Bays N-S Section

All of the nutrients had the same general distribution patterns (figs. 2.7-
32, 2.7-34, 2.7-36, and 2.7-38). The water column was not well stratified and had
high concentrations at all of the stations except for the southernmost station on
this transect (PL7) where the nutrient concentrations were low. The surface silicate
concentrations were high in the northern section of the Bays.

Gulf of Maine N-S Section

The ammonium concentrations were universally low (fig. 2.7-32). Nitrate,
phosphate, and silicate concentrations were high throughout the water column on
the transect except for the southernmost station (HI3) where the concentrations were
lower (figs. 2.7-34, 2.7-36 and 2.7-38).

Nutrient/Nutrient Plots

The 8:1:8 ratio lines were drawn for comparisons with the previous cruises
data (fig. 2.7-39), although nitrate to phosphate and silicate to phosphate ratios
were slightly higher than those observed during the February cruise. However, at
low nitrate concentrations, the N:P ratios were less than 8:1, so that nitrate was
depleted .with respect to phosphate. The nitrate and silicate concentrations were
very close to the 1:1 ratio but silicate was slightly depleted with respect to nitrate.
The exception to this was a set of stations just south of Cape Ann where the lower
salinity water was characterized by the highest silicate concentrations and only high
nitrate concentrations, resulting in a N:Si ratio much lower than 1:1. In areas of low
overall nutrient concentrations, the ratios for both nitrate and silicate to phosphate
became lower as was observed during all the previous cruises.

April 29 - May 2, 1991

_ As observed for previous cruises, nutrient concentrations were generally high
Just outside of Boston Harbor in Broad Sound and low in the southern section of the
Bays. The nitrate and silicate concentrations were high in the Gulf of Maine as well
as in Broad Sound while ammonium concentrations were low throughout all of the
Bays except in Broad Sound. The high silicate concentrations in the northern section
in the Gulf of Maine and the very high area around station SC4 were associated with
low salinities (fig. 2.4-41).
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Inner- & Mid-Bays N-S Sections

The ammonium concentrations were stratified with slightly higher concentra-
tions at the surface in the center of the sections and at depth. The highest values were
found in Stellwagen Basin. Nitrate concentrations were generally low throughout the
Bays and even at the bottom of Stellwagen Basin they were only 60-70% of the value
observed in February and March. There were slightly higher concentrations of nitrate
at depth in the northern section of the Bays while the low concentrations extended
throughout the water column in the southern section. The water column was not
strongly stratified with respect to phosphate for the Inner-Bays section, but was for
the Mid-Bays section with the highest values found in Stellwagen Basin. Phosphate
did not have relatively high surface concentrations in the center of the transect as
did ammonium and nitrate. For the Inner-Bays section, silicate had slightly higher
concentrations at depth. For the Mid-Bays section, silicate values were generally low
in the southern area with slight increase from top to bottom. In the northern area,
however, the lowest values were found at mid depths. There were high values associ-
ated with the low salinity water near the surface, while the highest values were found
at the bottom at the northern end of Stellwagen Basin. These values were higher
than those in the bottom waters off Cape Ann (possible source water) suggesting
that the high silicates observed were due to local remineralization. The TSS values
were slightly stratified with surface values higher near shore and near bottom values
higher in the mid-bays area. The lowest values were observed at mid depths.

Outer-Bays N-S Section

Ammonium and nitrate concentrations were stratified with higher concentra-
tions at depth. There was an area of slightly higher nitrate concentrations at the
surface in the center of the transect. Phosphate concentrations on this transect were
weakly stratified with the highest concentrations in Stellwagen Basin. Silicate con-
centrations were low throughout the most of the water column for this transect except
at depth in the Basin and at the northern end of the transect. The TSS values were
not stratified for this transect although higher values were found at the surface.

Gulf of Maine N-S Section

Ammonium concentrations were stratified with slightly higher concentrations
at depth at the southern end of this section. Nitrate concentrations were also strat-
ified with a gradually increasing gradient from surface to bottom. The low surface
concentrations of nitrate extended further down the water column at the southern end
of this transect. Phosphate concentrations had the same basic distribution as nitrate.
There was a patch of low phosphate concentration water at the surface in the center
of the transect. Silicate concentrations were somewhat scattered with relatively high
surface concentrations at the northernmost station of this transect (station R06). The
highest concentrations of silicate on this transect were found at the bottom.
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Nutrient/Nutrient Plots

The 8:1:8 ratio lines were drawn for comparisons with the previous cruises’
data (fig. 2.7-50). The southern section and the surface waters of the northern
section were depleted in nitrate with respect to both phosphate and silicate. The
deeper waters in the northern sections tended to follow the 8:1:8 relationship, except
for a few samples from the GOM area at high concentrations that were enriched in
nitrate with respect to phosphate and silicate. Here N:P ratios were 10-12:1. In the
Stellwagen Basin, however, nitrate was low relative to the enriched silicate with N :Si
ratios of much less than 1:1. Although the data for the Si:P ratio fell around the
8:1 ratio, there was some scatter around the line. The samples from the northern
part of the bays appeared to be enriched in silicate relative to phosphate while there
appeared to be a loss silicate relative to phosphate in the southern section.

Summary of Nutrient Findings

Nutrient sources to Massachusetts Bays are differerit for different nutrients and
different seasons. In a broad sense, nutrients do not track salinity very well, suggesting
multiple sources and processes, especially in the surface waters of the Bays once the
water is in Massachusetts Bays. However, lower salinity plumes associated with river
runoff such as those observed in April 1990 and March 1991 are characterized by
relatively high silicate and nitrate concentrations. Based on the distribution of the
various nutrients, it appears that silicate and nitrate come into the Bays from the
northeast around Cape Ann when the physical oceanographic conditions are right.
Ammonium and phosphate are always high in the Boston Harbor/Broad Sound area,
and have their source at the area of the existing sewage discharge. All nutrients,
but especially phosphate and silicate are upwelled in summer months along the west
coast of the Bays. The relative importance of each of these sources has not yet been
determined. This question is being addressed as part of Susan Becker’s Master’s
thesis research at UNH,

The distribution of nutrients in Massachusetts Bays is controlled by a combi-
nation of both physical and biological processes. There are wide variations in nutrient
concentrations especially during the seasons when Massachusetts Bays is relatively
well stratified (i.e., spring, summer and fall). Even during February, when the water
column was not stratified, a diatom bloom in Cape Cod Bay depleted nutrients so that
there was a strong N-S gradient in the Bays. Areas of low nutrient concentrations are
almost always those where biological processes, mainly phytoplankton nutrient up-
take, have occurred. These processes are most prominent during the spring months,
so that by late spring (April, May) all nutrients are very low in the surface waters
throughout the Bays. It is during this period that even waters in the deeper parts of
the Bays (Stellwagen Basin) have reduced nutrient concentrations. For example, in
April 1991, the concentration of nitrate in the deep water, was only 60-70% of the
values found in February and March. Whether this is due to in situ nitrate removal
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or replacement of the deep water by relatively nutrient depleted water from the Gulf
of Main is uncertain.

During the stratified seasons, certain areas of the Massachusetts Bays system
almost always have relatively higher nutrients than other areas. Different areas are
enriched for a variety of both physical and biological reasons including:

e Cape Ann area: input of Gulf of Maine water and river-sourced coastal plume
nutrients;

e Boston Harbor and Broad Sound area: input of nutrients from the MWRA
outfall;

o Western Cape Cod Bay area: nearshore upwelling caused by SW winds;
e Southeastern Cape Cod Bay area: vertical mixing in shallow waters;

o Stellwagen Basin and Central Cape Cod Bay areas: nutrient regeneration in
the bottom waters.

Because many of the above processes are localized, nutrient distributions in
Massachusetts Bays tend to be rather patchy and variable depending on the sea-
son and nutrient type. For example, high values of nutrients were found in the
sub-pycnocline layers in Stellwagen Basin and in central Cape Cod Bay in July and
October most likely due to bottom water and benthic regeneration of nutrients from
organic matter. Although, all the nutrient concentrations were relatively high, the
very highest silicate concentrations observed in Massachusetts Bays were found dur-
ing July in relatively shallow water in central Cape Cod Bay. Both high silicate and
phosphate were found in the same area in October. The mechanisms for the concen-
tration of organic matter for regeneration of nutrients in this area are unknown and
warrant further study. Although nitrate was also high at this same location, higher
values were found during February associated with the saltier Gulf of Maine water
brought into Massachusetts Bays during the winter months. What was observed is
that the different nutrients behave differently with different seasons and at different
locations so that nutrient ratios can be helpful in interpreting these processes.

The inorganic nitrogen nutrients (nitrate, nitrite and ammonium) typically
are found in ratios to phosphate far lower than the classic Redfield ratios of about
16:1. The source waters to Massachusetts Bays have an N:P:Si ratio (based on
NO3:P04:5i04) of about 8:1:8 during the spring, summer, and fall months of the
year. During the winter, however, when deeper Gulf of Maine water mixes upwards
and gets carried into the Bays, the ratios are higher in nitrogen and silicate relative
to phosphate, but still not close to the Redfield ratios. Since the source waters into
the Bays are depleted in nitrogen relative to both phosphate and silicate, it would
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appear that nitrogen may play the limiting nutrient role in the Bays. Often when
concentrations of nitrate and/or ammonium are near zero, there is still significant
phosphate and silicate left in the water. For example, for surface waters in April,
July and October in areas where nitrate and ammonium values were near zero, there
was still 0.2-0.4 pM of phosphate and 1-6 gM of silicate left in the water column.
This suggests that the Bays system as a whole is nitrogen limited, but the pools
of organic nitrogen and nitrogen recycling rates would have to examined before any
definite conclusions can be reached. Silicate tends to covary with phosphate during
some months in the northern part of the bays while in February during the diatom
bloom it covaried with nitrate with a ratio of 1:1. When silicate values were near zero
for surface waters in February, phosphate values were still about 0.3 M suggesting
that silicate could also be limiting during certain times.

It appears that north and south sections of the Bays behave differently with
respect to their nutrient distributions and relative nutrient ratios during most, and
maybe all of the year. The various sources of water and nutrients typically enter
the Bays from the north and northwest. This is a physically more dynamic area with
deeper water and deeper ties to the Gulf of Maine. Water just south of Cape Ann and
in the north part of Stellwagen Basin seems to be influenced by the coastal current and
Gulf of Maine water flowing into Massachusetts Bay. However, in the southern part of
Massachusetts Bays, especially during the stratified seasons, water in Cape Cod Bay,
further away from the sources to the north, tends to remain static for relatively long
periods of time. The surface waters in the central region are west of the tip of Cape
Cod tend to become highly impoverished in nutrients during late spring and summer
months with nitrogen nutrients generally depleted before the phosphate and silicate.
In diatom blooms silicate can also become depleted. The deeper water in that area,
however has some of the highest concentrations of nutrients as a result of nutrient
regeneration. Here the nutrient ratios suggest that the processes are slightly different
than in the deeper waters of Stellwagen Basin. Whereas the dissolved inorganic N
(DIN = nitrate + nitrate + ammonium) ratios to phosphate and silicate waters of
Stellwagen Basin, they are: DIN:P = 6:1 and DIN:Si = 0.44:1 at Station MA3. This
indicates that there is a reduced amount of nitrogen relative to both phosphorus and
silicate in the central Cape Cod Bays area relative to further north. Nitrogen is not
returned to the inorganic pool as completely as phosphorus and silicate and is either
transformed to organic nitrogen or denitrified. The same trends in ratios are found
along the southwest coast of Cape Cod Bay in the area of upwelling where water
with relatively low nitrogen is found during the summer months. The importance
of nutrient regeneration in Cape Cod Bay relative to the overall budget of nutrient
recycling in Massachusetts Bay is unknown at this time and warrants further work.
Also unknown is the mechanism of apparent organic matter buildup in that area. The
buildup of nutrients in the deep waters of Massachusetts Bays ends abruptly in late
October or early November when surface cooling and wind mixing causes the Bays to
mix vertically, essentially diluting the deep water nutrients with low nutrient surface

S
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waters.
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April 28-29 1990

Phosphate vs Nitrate+Nitrite
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Silicate vs Nitrate+Nitrite
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Figure 2.7-7 April 28-29, 1990 nutrient-nutrient plots. The lines are N:P:Si ratio

of 8:1:8. The open squares represent the southern section of the Bays and the
closed squares the northern section.
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July 25-27 1990 272

Phosphate vs Nitrate+Nitrite
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Figure 2.7-13 July 25-27, 1990 nutrient-nutrient plots. The lines are N:P:Si ratio
of 8:1:8. The open squares represent the southern section of the Bays and the
closed squares the northern section.
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October 16-18 1990

Phosphate vs Nitrate+Nitrite
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Figure 2.7-19 October 16-18, 1990 nutrient-nutrient plots. The lines are N:P:Si
ratio of 8:1:8. The open squares represent the southern section of the Bays
and the closed squares the northern section.
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Figure 2.7-21 February 4-6, 1991 ammonium Outer-Bays and GOM vertical con-
tour sections. The units are uM and the contour interval is 0.5 uM.
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Figure 2.7-23 February 4-6, 1991 nitrate Outer-Bays and GOM vertical contour

sections. The units are uM and the contour interval is 2 uM.
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Figure 2.7-25 February 4-6, 1991 phosphate Outer-Bays and GOM vertical con-
tour sections. The units are uM and the contour interval is 0.2 uM.
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Figure 2.7-27 February 4-6, 1991 silicate Outer-Bays and GOM vertical contour ‘/)

sections. The units are uM and the contour interval is 2 uM.



287

‘j01d Inoju0d [BJUOZIIOY 9y} I0f /W §'() PUR SUOL}OSS
[e01330A 9} 10] T/Jux g*() ST [BAIDJUL INOJUOD B3 pue /St axe syrun oy, sjord

mojuod sAeg-pij pue ‘Iouu] ‘eovims GSJI, 1661 ‘9-F Areniqe 8g-L°'g 2an3ig
(ws) JonvISa
8 & ov 4 0 00L 20L V0L 90L 80L OlL . T K.m. "
SSL-sog—piy L6611 9—% AJ4pnuigs 4
SS1 w |
- A
% A .
H Y. AN \
7 - 0Ty
1 RS 001
1 g .
3y . .
. 00U A
.Y . g W
o * .Aoom 3 ° b
. \ / -G
| . N L
—— oty v oey




288

DEPTH (m)

DEPTH (m)

OISTANCE (k)

Figure 2.7-29 February 4-6, 1991 TSS Outer-Bays and GOM vertical contour
sections. The units are mg/L and the contour interval is 0.2 mg/L.
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February 4-6 1991

Phosphate vs Nitrate+Nitrite
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Figure 2.7-30 February 4-6, 1991 nutrient-nutrient plots. The lines are N:P:Si
ratio of 8:1:8. The open squares represent the southern section of the Bays
and the closed squares the northern section.
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Figure 2.7-32 March 21-23, 1991 ammonium Outer-Bays and GOM vertical con-
tour sections. The units are uM and the contour interval is 0.5 M.
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Figure 2.7-34 March 21-23, 1991 nitrate Outer-Bays and GOM vertical contour

sections. The units are 4M and the contour interval is 2 uM.
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Figure 2.7-36 March 21-23, 1991 phosphate Outer-Bays and GOM vertical con-
tour sections. The units are uM and the contour interval is 0.2 M.
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Figure 2.7-38 March 21-23, 1991 silicate Outer-Bays and GOM vertical contour
sections. The units are uM and the contour interval is 2 uM.
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March 21-23 1991
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0-0 ¥ T L 4 1 1 } T } ] : T ‘:

0.00 0.20 0.40
PO4 (uM)

Silicate vs Nitrate+Nitrite

SiO4 (uM)

Phosphate vs Silicate

g 200

i 45.0

0

4 10.0

y 50 ]

M O'OI Rl L) 1 T l l L) : T : 1 : lﬁ.
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

PO4 (M)

Figure 2.7-39 March 21-23, 1991 nutrient-nutrient plots. The lines are N:P:Si
ratio of 8:1:8. The open squares represent the southern section of the Bays
and the closed squares the northern section.



299

(us) ToNVISQ

‘q0[d INOJU0D [RJUOZLIOY 9} 0] N T PUB SUOII9S [@DI}IoA
oy} 10} A7 G'0 St [BAISJUI INOJUOD 9Y) pue N7 oIe sjun 3y, ‘sjo[d Inojuod
sfeg-pi pue ‘Iouu] ‘edejms winuowwre 1661 ‘g &eN - 6¢ [1dy 0p-L°¢ 2an31y

0] 09

(W) VIS

PHN—SAog—Jauyy

Q0L C¢0L V¥0OL 90L Q0L OlL gLL
[ N L N 1 o 1 N L m. —‘.V
1661 ¢ AON — Bz | 1J4dy
PHN W | .
- . - 0Ty
N Y
C a4y
/ ,
T — och




300

DEPTH (m)

DEPTH (m)

DISTANCE (em)

Figure 2.7-41 April 29 — May 2, 1991 ammonium Outer-Bays and GOM vertical
contour sections. The units are uM and the contour interval is 0.2 uM.



"7 g St [eA193Ul IN0jUOD oYy pue N1 ore sjiun sy J, -syord

~ IMoju00 sArg-pI]y puUB ‘Iouu] ‘sov}ins oYBINIU 1661 ‘Z LeIN - 62 [MAY ZP-4°'T 2anBig
o
[aa]
(o) oIS
0 09 ov o 0 - 004 ¢0L VYOL 90L 80L OlL TlL
1 ] L I} A L " ] M 1 M | M [ s m.-..q
L661 ¢ AbW — 6z |14dy
CON+CON w | .
I/ i n . L oz
4 D & .
. ‘ .Y
() 3
V 2
N . %
t »..w’ A%
- r. ‘f - - STY
(ur) 3oMVISQ . G
2 s or ow % o A
| SON-shog—seuy " ] \
4 M OC
| o 3
oo./w[\ 3
- Ol
oot
- - = —T—=% o~ + —x 0 Y v T e Y r T v (01% 4




302

"IN™ T st [eaT93ul INOJUOD oY} puB N7 8Ie sjun ayJ, ‘suoIjoes Imoy
“Uoo [edlIeA QD pue sdeg-Iein() 91U 166T ‘Z LeN - 6g udy £3-4°Z 2anB1q

X

X

Outer—Bays—NO3

(W) Hidg

OSTANCE (km)

mmmm@

AN\W

700

GOM-NQ3

(o]

(W) i3

100 -
120 1

DISTANCE (km)



303

"™ g0 St [eAlojur 1nojuod 943 pue Jy77 are sytun oy, ‘sjord Inojuoo
s&eg-piN pue ‘touuj ‘ooerms oyeydsoyd 1661 ‘T Loy - 6g 1dy $p-1°7 aan31 g

(un) TMISq

R 8 ¢ 8

(W) HiAa

e

o

00 ¢0L +vOoL 90L 8o/ OlL ¢ClL
. 1 A 1 a 1 a 1 1 s m —.V
L6611 ¢ ADN — gz |1ady
. Od w | .
]
. - Oy
§ y \;
- QY
\L@v ﬂ
v . v . v ' r ' v Y v oty



304

DEPTH (m)

DEPTH (m)

OISTANCE (i)

Figure 2.7-456 April 29 - May 2, 1991 phosphate Outer-Bays and GOM vertical
contour sections. The units are uM and the contour interval is 0.2 uM.
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Figure 2.7-47 April 29 - May 2, 1991 silicate Outer-Bays and GOM vertical con-
tour sections. The units are uM and the contour interval is 2 uM.
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Figure 2.7-49 April 29 - May 2, 1991 TSS Outer-Bays and GOM vertical contour
sections. The units are mg/L and the contour interval is 0.2 mg/L.



April 29 - May 2 1991

Phosphate vs Nitrate

14.00
N 12.00
O 10.00
3 8.00
6.00
4.00
2.00
0.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

PO4 (uM)

=F

Silicate vs Nitrate

L]

10.00 15.00 20.00 25.00
SiO4 (uM)

Phosphate vs Silicate

20 -

F

PO4 (uM)

Figure 2.7-50 April 29 - May 2, 1991 nutrient-nutrient plots. The lines are N:P:Si
ratio of 8:1:8. The open squares represent the southern section of the Bays
and the closed squares the northern section.
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2.8 Long-Term Current and Sediment Transport Observa-
tions

The objective of the long-term observations is to document seasonal and inter-annual
variability in currents, hydrography, and suspended-matter concentration and com-
position in western Massachusetts Bay. The measurements are also designed to in-
vestigate the importance of infrequent catastrophic events, such as major storms or
hurricanes, to sediment resuspension and transport. The observations provide a con-
text for the year-long measurements made between April 1990 and June 1991 by the
Bays program.

The long-term observations were made at station BB at the U.S. Coast Guard’s
Large Navigational Buoy (LNB, 42° 22.6’'N 70° 47.1'W, Station BB, see figure 1.3) in
western Massachusetts Bay. Observations of current, temperature, salinity and light
transmission were made at 5 m from the surface, above the seasonal thermocline,
by means of a VMCM and Seacat suspended from the LNB and at 23 m, typically
below the seasonal thermocline, by similar instrumentation on a subsurface mooring
(figure 2.2-2b). Bottom observations of current, temperature, salinity, light transmis-
sion and pressure were obtained by means of a bottom tripod system (Butman and
Folger (1979) and Martini and Strahle (1992)). A time-series sediment trap collected
material from the water column sequentially over 9-day intervals. Instrumentation is
recovered and deployed three times each year with logistical support provided by the
U.S. Coast Guard. Observations began in December 1989 and are continuing.

The mean flow (the vector average of all the observations over several months)
at the long-term site is typically less than 1 cm/s and is generally not statistically
different from zero given the strength of the low-frequency fluctuations. The long-term
site is apparently to the west of the counterclockwise residual flow pattern suggested
by the moored array and Lagrangian drifter observations. Thus water and material in
this northwestern portion of the bay are not swept away in a consistent direction by a
well-defined steady current but are mixed and transported by a variety of processes,
including tides, winds, and river inflow. Based on the strength of the low frequency
fluctuations, one day particle excursions from the long-term site are typically 10 km.
These excursions are probably sufficient to mix water into the residual flow pattern
on a regular basis, consistent with the results of the Lagrangian drifter observations.

Although the vector mean of the current over any one deployment is small,
there is a suggestion of a weak offshore flow in the surface layers and onshore flow
at the bottom that is consistent with analysis of historical current observations in
western Massachusetts Bay. This weak onshore/offshore flow is probably driven by
the mean eastward winds that drive the surface water offshore, requiring a return
flow at depth.
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The amplitude of the low-frequency currents (fig. 2.8-1) are typically stronger
near the surface (4 to 6 cm/s at 5 m) than at depth (2 to 4 cm/s at 23 m). At
5 m, the low-frequency currents are strongest and most variable in the spring and
summer due to the horizontal and vertical density gradients associated with the runoff
of freshwater from Boston Harbor and the Merrimack River and the development of
a strong seasonal thermocline that reduces the influence of bottom friction on the
currents. At 23 m, the weak low-frequency current speeds are more or less constant
with season. Winds are strongest in winter and are the major forcing agent of the
weak currents in winter. '

The strength and orientation of the low-frequency currents on a seasonal basis
is illustrated by the current ellipses (fig. 2.8-2). At 5 m, the low-frequency ellipse is
nearly circular. At 23 m, the low-frequency ellipse is oriented northwest-southeast.
This orientation may reflect the enhanced bay-wide response to wind along the ma-
jor axis (northwest-southeast) of the bay. The long-term mooring is located on the
southern side of a east-west trending submarine ridge or drumlin with about 10 m of
relief that probably orients the near-bottom low-frequency currents in an east-west
direction. The orientation of the low frequency ellipses is similar from season to
season and from year to year for the two years of data available.
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Figure 2.8-1 Top: Mean daily vector-averaged current speed at 5 and 23 m water |

depth obtained at the USGS long-term monitoring station (winter, Novem-
ber through February; spring, March through May; summer, June through
August; fall, September and October). These current speeds can be used to
estimate daily water-particle travel distances (approximately 0.9 km/day for
each centimeter per second of speed). Bottom: Mean daily averaged wind
stress amplitude at the Large Navigational Buoy and temperature difference
between 5 and 23 m water depth at the long-term monitoring site. Wind
stress is strongest in winter and weakest in summer; stratification (as indi-
cated by the temperature difference between 5 and 23 m) is weakest in winter
and strongest in summer. At 5 m, the current speeds increase from about 4
cm/s in winter to 6 cm/s in summer even though the winds are stronger in
the winter. This suggests that stratification is more important than wind in
determining the strength of the near-surface current at the new outfall site,
Current speeds at 23 m remain between 2 and 4 cm/s and do not show a
seasonal trend. No data was obtained in fall 1990.
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Figure 2.8-2a Map showing the mean flow (solid arrow) and the low-frequency
variability (shown as ellipses centered around the tip of the mean flow) for
observations at 5, 23 and 32 m at the long-term station for Winter, November
1 — March 1 (S corresponds to surface, M to mid-depth, and B for bottom).
Wind stress measured at the LNB is also shown. Typically, the daily-averaged
current originates at the station symbol and flows toward any location within
the ellipse. The arrows and ellipses have been scaled to correspond to the
distance a particle moving with that current would travel in one day. The
fluctuations are larger than the mean. The area of the new ocean outfall is an
area of weak flow compared to the outer bay and there is no strong preferred
direction of flow; it is apparently located to the west of the stronger residual
coastal current system.
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Figure 2.8-2b Map showing the mean flow (solid arrow) and the low-frequency
variability (shown as ellipses centered around the tip of the mean flow) for
observations at 5, 23 and 32 m at the long-term station for spring (March 1 -
June 1). See figure 2.8-2a for explanation.
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Figure 2.8-2c Map showing the mean flow (solid arrow) and the low-frequency
variability (shown as ellipses centered around the tip of the mean flow) for
observations at 5, 23 and 32 m at the long-term station for summer (June 1
— September 1). See figure 2.8-2a for explanation.
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Figure 2.8-2d Map showing the mean flow (solid arrow) and the low-frequency
variability (shown as ellipses centered around the tip of the mean flow) for
observations at 5, 23 and 32 m at the long-term station for fall (September 1

— November 1). See figure 2.8-2a for explanation.
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3 Analysis of Physical Processes

3.1 Tidal Processes

Tides in the Bays are forced by the tides in the Gulf of Maine which are in turn are
forced primarily by the tides of the North Atlantic. The tides in the North Atlantic
are the ocean’s response to the gravitational forcing by the sun and the moon. These
tides are “long waves” (wavelengths of order 9,000 km which are much greater than
the water depth of 4 to 6 km) with the periods of about the response in the of North
Atlantic basin are once-a-day (diurnal) and twice a day (semidiurnal) edge waves
rotating counter-clockwise around an amphidromic point (no elevation change) in the
center of the North Atlantic. Along the east coast of the United States, the tidal
wave propagates from northeast to southwest along the coast, passing the mouth of
the Gulf of Maine. The deep ocean tidal elevation changes cause the tides in the
Gulf of Maine and Bay of Fundy system. The Gulf of Maine tides are a results of
its near-resonance (in the open organ pipe sense) at about the semidiurnal frequency
(Garrett, 1972, 1974).

The tidal current structure in the Bays is more complicated than the tidal
sea level structure because of the bathymetry. Not only are surface tidal currents
deflected by such features as Stellwagen Bank, but internal tidal currents associated
with vertical density stratification are generated. In order isolate the part of the tidal
currents due to surface tides, a least squares tidal analysis of winter currents was
performed.

The highly polarized M, surface tidal current ellipses (fig. 3.1-1) depict a
rather simple pattern of oscillating across-isobath tidal flow throughout the Bays.
The corresponding subsurface tidal current ellipses are very similar to the surface
tides in amplitude and orientation (Table 3.1-1) as expected for the weakly stratified
winter conditions. The largest M, tidal currents are clearly off of Race Point (U4)
with some enhancement in the Stellwagen Bank and Broad Sound tidal currents.

The dominant semidiurnal surface tidal current interacts with Stellwagen Bank
bathymetry to generate semidiurnal internal tidal oscillations which propagate from
the Bank towards western Massachusetts Bay. The internal tide in Stellwagen Basin
was examined using the high resolution current and isopycnal displacement measure-
ments on the U6 mooring. The internal tidal current component Figure 3.1-2 was
isolated by subtracting the predicted surface tidal currents from the observed tidal
currents during spring 1991. The internal tidal current ellipses are oriented generally
east/west and show amplitude maximal near the surface and near the bottom; the
upper and lower level currents are about 180° out of phase.

The water column vertical displacement was inferred by tracking isopycnal
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movement inferred two ways; (1) by spatial interpolation between adjacent density
time series measurements (DIS) and (2) by dividing density time series with the
instantaneous density gradient (ISO). The two different approaches gave the consis-
tent vertical displacement structure results which is presented in terms of harmonic
constant distributions (Figure 3.1-3).

The vertical displacement and current results were consistent with each other
in defining a first mode internal tide structure. The relative phases between the
eastward surface tidal current and the vertical internal tijdal displacement indicates
that the Stellwagen Basin mooring site was situated within the generation zone of
a first- mode internal tidal wave. The internal tide appears to propagate westward
where it induced strong internal tidal motion at the Scituate Mooring.

3.1.1 Influence of Tidal Processes on Transport and Mixing

Generally speaking, tidal transport processes are most important at spatial scales
comparable or smaller than the tidal excursion distance, which is the horizontal dis-
tance that water is carried within a tidal cycle. For the 10 cm s~! semidiurnal currents
that typify the Bays, the corresponding tidal excursion is 1.4 km. This distance is
quite small in comparison with the dimensions of the Bays; hence generally the hori-
zontal motion due to the tides is not an important transport mechanism. The stronger
tidal currents in the vicinity of Race Point have correspondingly larger tidal excur-
sions: approximately 5.6 km based on velocities of 40 cm s-1. These motions may
be responsible for localized exchange between Cape Cod Bay and the nearby offshore
waters. Another region where horizontal tidal transport is important is the mouth of
Boston Harbor, where the tidal excursion distance is comparable to the dimensions
of the entrance region. Tidal exchange appears to be a dominant mechanism for
exchange between Boston Harbor and western Massachusetts Bay (Signell, 1992).

Although the tidal currents have limited influence on horizontal exchange, they
are usually the dominant contributors to kinetic energy of flow. Thus, they influence
the strength of the bottom-generated turbulence during non-storm conditions. During
storms, the motions due to surface gravity waves may exceed those due to the tides
and increase the bottom-generated turbulence.

Internal tides have two potentially important effects on mixing. First, they en-
hance the near-bottom tidal currents by as much as a factor of two over the barotropic
tidal velocities, increasing the turbulence level in the bottom boundary layer. Second,
they provide a source of shear to the thermocline region, which can lead to vertical
mixing in this important region of strong nutrient gradients (Haury, Briscoe, and Orr,
1979).

Analysis of the tidal data showed marked increases in the tidal amplitudes at



321

some of the mooring locations during the stratified periods, when internal tides were
present (see Appendix T, Table T11). Interestingly there were no clear examples of
near-bottom tidal currents increasing due to internal tides. Still, the possibility should
be considered that internal tidal motions can increase the near-bottom turbulence,
possibly leading to sediment resuspension, in the deep waters of the Bays.

There was some evidence of strong vertical shears associated with internal tidal
motions which may have lead to mixing within the thermocline. During the ADCP
survey at Scituate in August, 1990, velocity differences of as much as 40 cm/s™! were
observed across the thermocline due to internal tidal fluctuations. The ratio of shear
to stratification during this period indicated that the flow was marginally unstable,
l.e., it is possible that small-scale shear instability was occurring. This observation is
consistent with the direct observations of shear instabilities by Haury et al., (1979).
Shear-induced mixing due to the internal tidal fluctuations may be an important
mechanism for transporting nutrients across the thermocline. It could be enhanced
by an ambient shear, such as that associated with the buoyancy-driven or wind-driven
currents.

See Appendix T for more detailed analysis of the tidal processes.
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Table 3.1-1. - Bays M2 Currents principal axes determined for the winter
period from 1 Novembef 1990 to 1 March 1991 by the Least Squares Method.
The winter 1989 results are identified.

Depth Major Minor Tilt Phase
Station (m) (cm/sec) (cm/sec) (rel N) (G)
Broad Sound 5 16.11 1.41 49.7 219.8
18 9.96 1.26 65.9 188.6
Boston Buoy 5 9.43 -0.66 77.1 204.0
(1989) 5 9.85 -0.98 76.9 203.9
(1989) 23 9.10 -0.30 87.1 196.6
23 7.71 0.55 -82.0 6.7 (Short)
33 6.69 0.59 77.0 185.1
Manomet Point 5 11.26 0.03 -4.9 211.1
29 10.61 0.64 -1.3 207.3
Race Point 5 40.81 3.28 54.3 200.2
23 43,47 -1.07 53.1° 201.4
55 42.64 0.37 62.0 189.1
60 30.11 0.46 67.9 184.0
Scituate 5 7.80 1.21 45.6 202.9
Stellwagen Basin 75 13.49 0.88 -88.3 8.6 (Short)
84 7.94 1.64 -84.6 356.9
North Channel 4 8.28 1.46 78.6 232.5
25 13.90 2.08 -89.5 50.1
60 11.21 2.86 84.3 237.4
Stellwagen Bank 4 15.36 ~-1.27 68.6 231.7
25 13.92 -0.16 61.3 42 .7
Cape Cod Bay 4 13.45 -0.24 -4.3 222.6

_._——__—__—..——_——_—__-_——_——_——_—--.__.._—-_———————-—_—_-—___—-—__-

Negative minor axis indicates clockwise current rotation. Tilt is the
orientation of major axis clockwise from North. Records labeled "short"
are less than one month long.
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Figure 3.1-1 The M, tidal current ellipses for the surface (4 to 8 meters depth)
currents based on a least squares tidal analysis of the winter currents (see
Table 3.1-1). The center of the ellipse is the mooring location. The scale
for 50 cm/sec is shown on the right margin. The current ellipses are shown
scaled to about 3.3 times the magnitude of the tidal excursion calculated by
integrating the observed currents at the location.
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Figure 3.1-2 The semidiurnal (M,) internal wave current structure in Stellwagen

Basin for spring 1991. The internal tidal current ellipses in the top panel
show maximum amplitudes at the surface and bottom and a minimum at
about 40 meters depth. Note that the bottom and the surface currents are
about 180 degrees out of phase; consistent with a classic first mode internal

wave structure.
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Figure 3.1-3 M, harmonic constants for isopycnal displacements at the Stellwagen
Basin mooring. The harmonic constants for the ISO (solid circles) and DIS
(x) analyses are distinguished (see text).
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3.2 Density-Driven Flow
3.2.1 Introduction

The Gulf of Maine is part of the northeast American continental shelf/slope ocean.
The general southwestward mean alongshelf flow is thought to be driven by fresh-
water-related buoyancy inflow from the north (Chapman and Beardsley, 1989). The
alongshelf buoyancy-driven flow enters the Gulf and creates a tendency for cyclonic
counterclockwise flow around the Gulf of Maine. Superimposed on the gulf-scale
cyclonic flow tendency is a basin-scale flow variability due to water mass structure
associated with Georges, Jordan and Wilkinson Basins. The water mass distributions
evolve due to seasonally varying of buoyant (relatively fresh) inflows from the Scotian
Shelf, relatively salty inflows at depth through the Northeast Channel, winter water
mass formation in the interior Gulf, and fresh water runoff around the perimeter of
the interior Gulf. '

The variability of the basin-scale flow pattern is related to the seasonal evolu-
tion of the water masses within the Gulf. During May the large amounts of winter
water in Wilkinson and Jordan Basins (Brown and Irish, 1992) are partitioned into
warm Maine Surface Water and cold Maine Intermediate Water by the developing
temperature-induced thermocline. The density-induced pressure gradients associated
with these evolving water mass distributions are responsible for the basin-scale cir-
culation patterns in the western Gulf (i.e., Wilkinson Basin) — as well as forcing
Intermediate Water out of southern Wilkinson Basin at mid-depth. In addition,
wind-forcing modulates the Gulf-scale buoyancy-driven flows. For example, Ramp et
al., (1985) have shown that Gulf-scale wind-forcing is responsible episodic indrafts of
deep Slope Water through the Northeast Channel — a process which has its analogue
in the Bays.

At different times the Basin-scale flows can reinforce and/or counteract the
Gulf-scale cyclonic flow tendency. For example, the maximum intensity of the well
known Gulf of Maine cyclonic gyre in spring/early summer is in part related to
augmentation by the western Gulf of Maine coastal current(s) which form in response
to the large springtime river discharges. The results of Brooks and Townsend (1989)
suggest that the eastern Gulf of Maine coastal current is frequently deflected off
shore in the region of Penobscot Bay by the shoreward arm of a cyclonic gyre in
Jordan Basin. In the western Gulf, the springtime discharges from the rivers help

to intensify a coastal current which flows southwestward towards Massachusetts Bay
(Franks, 1990).

Thus the southward flow in the western Gulf just seaward of the Massachusetts
Bay entrance is part of a general gulf-scale buoyancy-driven circulation pattern which
is augmented by a coastal current fed by the episodic river discharges. Franks’ (1990)
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work suggests that more local wind-forcing will affect the speed and configuration of
the western Gulf of Maine coastal current. Wind could have a crucial influence in
whether the plume enters Massachusetts Bay or not during a particular time period.

Butman (1975, 1976) found that the density field associated with the river
runoff dominated the low-frequency current variability in northern Massachusetts
Bay during spring 1973. The source of the majority of the fresh water entering the
Bays the during this study was thought to be from the Merrimack River. Thus the
dynamics of the buoyant coastal plumes formed by river discharge is a pertinent issue
in the study of the Massachusetts Bays system.

Various studies of the dynamics of buoyant coastal plumes (Chao and Boicourt,
1986; Chao, 1987 & 1988; and Garvine, 1987) describe their effects on local circu-
lation. The response of coastal regions to a nearshore low density i.e., buoyant flux
has been studied by Csanady (1974), using an analytical model which incorporated
either a wedge-shaped or a lens-shaped pycnocline. The model currents circulated
anticyclonically around the buoyant water features, whose scales were given by the
internal Rossby radius.

The effect of the local wind stress on the development and movement of coastal
buoyant plumes is documented by Chao’s (1987, 1988) three-dimensional primitive
equation model. Downwelling favorable winds produce a downwind coastal jet which
elongates and accelerates as it is pressed against the shore. Upwelling favorable winds
separate the plume from the coast and retard the plume progression along the coast.
An across-shelf, seaward wind accelerates the plume and begins to separate it from
the coastline. '

Observational evidence is consistent with theoretical and numerical results.
For example, Peter Franks (1990), in his study of toxic dinoflagellates distributions,
examined the influence and progression of the buoyant coastal plume in the western
Gulf of Maine. Franks estimates of the alongshore velocity of the buoyant plume,
based on Margules’s relation, agreed with the modelled results of Chao (1988). Franks
further found that toxic shellfish poisoning occurred more frequently during periods of
downwelling-favorable winds and less frequently during periods of upwelling-favorable
winds.

The theoretical and observational reviewed above sets a framework for the
dynamics of the western Gulf of Maine coastal current which at times enters northern
Massachusetts Bay. The following describes the Bays circulation variability during
late spring/early summer 1990 when the inflow of the coastal current appears to have
had considerable influence on the flow variability in the Bays.
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3.2.2 Density-Driven Flow: Spring/Summer 1990

The study described here focuses on the subtidal variability of the Bays currents
associated with the density field changes during late spring/early summer; 30 April
1990 and 19 July 1990. The questions addressed include:

e What were the primary forcing agents of the late spring subtidal current vari-
ability in the Bays?

o What were the local and remote sources of the buoyancy variability which af-
fected the Bays circulation and stratification?

e How did the changes in the buoyancy field affect the currents in the Bays?

How did wind forcing modify the density-driven flow?

Vertical density stratification is a major factor in controlling circulation vari-
ability. Thus it is important to know the relative importance in temperature and
salinity change on density structure change. The measured water properties in the
Bays changed significantly during the study period. The combined moored and ship
survey observations show that the Bays were noticeably warmer and fresher in July
than in late April. The increase in temperature in the Bays was due to the solar
warming of the water above the seasonal pycnocline. The decrease in the Bays salin-
ity was due primarily the inflow of relatively fresh water from outside the Bays —
some from the coastal current and some from the Gulf of Maine itself.

Despite the freshening of the Bays, the principal increase in stratification
strength during the late spring and early summer was due to the general seasonal
warming of the upper 20-30 meters (fig. 3.2-1). Stellwagen Basin water property
observations show that the general warming-induced stratification increase was aug-
mented on occasion by episodic surface freshening. For example the effects of one
such buoyancy inflow are seen near the end of May (fig. 3.2-2).

The variability in the subtidal Bays currents (fig. 3.2-3) in response to buoy-
ancy and wind forcing varies significantly from station to station. (A summary of the
statistics for the current variability for this period is shown in Table 3.2-1). The lack
of any clear relationship between currents and winds suggests that buoyancy forcing
dominates the current variability during late spring/early summer.
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Table 3.2-1. Statistics for hourly and subtidal spring/summer eastward and north-
ward subtidal current (cm/s) and wind stress (dyne/cm?) series for 00:00 30 April
1990 to 00:00 19 July 1990 (UTC).

Station Sensor Hourly Subtidal
ID Depth Component MEAN VAR MEAN VAR
BB 40 m East 0.07 0.17 0.06 0.10

North 0.10 0.28 0.10 0.18

BS 16 m East 0.90 56.98 0.92 3.63
North -0.28 20.79 -0.28 2.02

SC 16 m East -1.24 16.19 -1.24 1.72
North 0.25 9.01 0.26 1.05

U2 25 m East -0.73 97.54 -0.71 11.58
North 13.26 63.98 -13.24 41.04

U6 14 m East -2.00 135.03 -1.99 21.08
North -0.49 90.41 -046 13.43

25 m East -3.75 94.09 -3.74 16.14

North -0.13 62.10 -0.12 10.79

46 m East -3.83 109.52 -3.81 1242

North 0.14 28.87 0.14 0.76

62 m East -1.69 162.61 -1.66 0.60

North -0.56 27.53  -0.56 3.24

U7 4 m East 4.45 98.65 4.46 44.85
North 343  239.12 3.46 40.63

-

The time-averaged currents during this period (fig. 3.2-4) were characterized
by the large southward flow into the northern Bays (U2), modest westward flow in the
Stellwagen Bank/Basin region (U3, U6), and northeastward flow in northern Cape
Cod Bay (U7). The former two suggest inflow and the latter suggests outflow around
Race Point. The nearshore stations, Broad Sound (BS) and Scituate (5C), did not
have near-surface instruments during this time period. The near-bottom currents,
which are quite weak, are offshore and on shore, respectively.

The current variability also differs considerably from site to site. For example,
the current variability in Cape Cod Bays (U7) (fig. 3.2-5) is largest and relatively
unpolarized in contrast to the significantly polarized current variability in the north-
ern Bays (U2). Although there was generally significant statistical coherence between
currents at different depths on the same mooring — even across the pycnocline —
there was no significant statistical coherence between subtidal currents at different
sites. It appears that during this time of the year, the wind was not a major organiz-
ing agent of the spring/summer flow field, except for occasional upwelling along the
coast. The flow field had a significant mesoscale (10-20 km) component which was
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partially responsible for the low spatial coherence in the flow. As we will show, the
mesoscale structure of the spring/summer Mass Bays flow field was due primarily to
the patchiness in the density field.

The mean moored current pattern suggests a Bays-scale flow pattern. This pat-
tern is characterized by inflow into northern Massachusetts Bay and outflow around
the tip of Cape Cod. Corroborating evidence includes a surface drifter trajectory
from 24-29 May 1991 (fig. 3.2-6), which shows that there can be inflow around Cape
Ann into the Bays. Although the latter flow episode actually occurred in May 1991,
a satellite sea surface temperature (SST) image from 27 May 1990 during the study
period (fig. 3.2-7) shows that a warm band of water extended from the coast north
of Massachusetts Bay southward into the Bays. Franks (1990) showed that fresher
water was generally warmer water and thus could be tracked during spring and early
summer using satellite SST images. Thus we conclude that in spring/early summer
1990 the coastal current, fed by episodic river discharge, flowed around Cape Ann
and entered the Bays through the passage north of Stellwagen Bank.

The north to south flow through the Bays was convincingly demonstrated by
the May 1990 drifter trajectories (fig. 3.2-8). A drifter launched 15 May 1990 (fig.
3.2-9) also moved southward, before becoming entrained in what was a baroclinic
eddy, associated with a warm, fresh patch of water located in Cape Cod Bay. The
drifter remained in the eddy for 30 days(!!) before escaping from the Bays around
Race Point.

The Bays mesoscale velocity structure, seen in some of the drifter trajectories,
was In many cases associated with the low density patchiness as revealed by the
CTD-derived dynamic height field. For example, the dynamic height field in the
northern portion of the Bays, during the 28-29 April 1990 cruise (fig. 3.2-10) éxhibits
a nearshore dynamic high about 30-35 km east-northeast of Boston. The high was
related to a patch of warmer, fresher water (T > 7.0°C; S < 32.0 psu). The map
also reveals a dynamic low on the eastward side of the channel north of Stellwagen
Bank, directly east of a high, which is related to a saltier, cooler patch of water (T <
7.0°C; S > 32.1 psu). The geostrophic flow section between Cape Ann to Race Point
(fig. 3.2-11a), clearly shows the lateral structure of the geostrophic shear associated
with the inflow through the North Passage. While many of the mesoscale features in
the dynamic height maps are real, some near Stellwagen Bank are due to aliasing by
internal wave variability.

The geostrophic shear field during the 24-26 July 1990 survey was stronger
than that during the April survey. The dominant feature during this survey (fig. 3.2-
12) was the relatively strong dynamic high in Cape Cod Bay. The high was related
to a patch of relatively warm, fresh water. Another very strong geostrophic shear
feature over northern Stellwagen Bank is also present. The structure of the more
robust eddy in Cape Cod Bay is depicted in the Figure 3.2-13 geostrophic shear flow



332

sections.

The primary mechanism affecting salinity during spring/summer was the inflow
of relatively freshwater from the Gulf of Maine into the northern half of the Bays.
Some of the inflow water was from the Wilkinson Basin portion of the Gulf of Maine
and some was from the coastal current. Local and remote rivers are the primary
sources of the episodic freshening which contributed to the surface-intensified smaller
scale current variability in the Bays. Of the major rivers which discharge into the
Gulf of Maine, the nearest are a combination of the smaller Charles River/MWRA
treatment plant and the larger Merrimack river discharges. The volume of freshwater
in the Bays increased by about 12 percent between the April to July surveys (see
Section 3.4).

Because of the importance of the freshwater portion of the buoyancy input,
(the other component of buoyancy being temperature) we focus the discussion on
freshwater distributions rather than salinity. In particular, a freshwater index was
calculated for each CTD station, according to

_5,-5
= ==,

F

where the selected reference salinity S, was 34.3 psu; the maximum salinity measured
in the Bays during this time period. Therefore, this analysis focuses on the total
volume of freshwater which had mixed with deep Gulf of Maine water. The freshwater

is from the local region, possibly from eastern Gulf of Maine, and surely from outside
the Gulf.

In order to emphasize the influence of local river discharge on upper water
column buoyancy distribution, the freshwater index was integrated over the upper
30m thus yielding the thickness of 100% freshwater. The map of freshwater thickness
in the upper 30m for the April 1990 survey (fig. 3.2-14a) probably shows the influence
of a recent Charles River/MWRA discharge pulse. The July 1990 map (fig. 3.2-14b)
documents a large concentration of freshwater in Cape Cod Bay and an apparent
recent inflow of a relatively salty patch over Stellwagen Bank.

Influence of Winds on Buoyancy Driven Flow

The wind stress during the study period was generally weak (<0.5 dynes/ cm?).
Thus with the exception of some wind-induced upwelling (and downwelling) observed
at the coastal stations (see next section), the subtidal current variability due to the
wind stress, i.e. wind-forced flow, was generally weak relative to the density-related
flow. However there were a few occasions where wind-forced response could be de-
tected.
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The response of the (Stellwagen Basin U6) currents to wind was normally
minimal with the exception of several events. For example, a southward wind event,
with stress in excess of 1 dyne/cm?, occurred on 4-5 May, 28-29 May and 9-10 June
1990 (fig. 3.2-3). During the 28-29 May event, the 14 and 26 meter observations
showed a noticeable increase in the southward currents. In this particular case there
was a sharp drop in the salinity at 4, 10 and 25 meters at U6, suggesting that a patch
of fresher water from an earlier river discharge event was advected into the region
of the mooring. On occasion in the Cape Cod (U7) 4 meter current measurements
exhibited flow events which exhibited Ekman-like current responses (fig. 3.2-3).

Conceptual Model

We summarize our conclusions in terms of a conceptual model for the nontidal
circulation in Massachusetts and Cape Cod Bays during the spring and early summer
1990. The Bays-scale and mesoscale flow components are highlighted.

Bays-scale Flow:

The general north to south mean flow through the Bays, order 5 cm s~! during
the period from 30 April 1990 to 19 July 1990 is associated with the western Gulf
of Maine coastal current and the larger-scale Gulf of Maine circulation in Wilkinson
Basin. The Bays-scale flow is induced by the westward deflection of generally south-
ward Gulf of Maine flow into the northern Bays. Within the Bays the general flow
appears to miss the Broad Sound region before moving southward along the western
coast of Massachusetts Bay toward Cape Cod Bay. The flow enters Cape Cod Bay
to the extent that hydrographic and wind conditions permit before exiting the Bays
around Race Point.

Mesoscale Flow Variability:

The near surface, low density water inflow to the Bays results in the formation
of small scale (5-10 kilometer), density-related (i.e. baroclinic) currents within the
Bays. The episodic nature of the river discharge, combined with the wind effects,
are probably responsible for the formation of the small-scale, low-density patches
which influence the subtidal circulation of the Bays. The sources of freshwater, which
contribute to the small-scale baroclinic flows in the Bays, come from the Charles River,
the Massachusetts Water Resource Authority (MWRA) treatment plant discharge,
and inflow from the Gulf of Maine (which itself includes water from the northern
rivers).

The relatively small Charles River and MWRA freshwater sources can be im-
portant locally (northwestern portion of the Bays) in the early stages of the evolution
of the seasonal pycnocline (and during winter). Satellite imagery and drogued drifter
trajectories show the pathway by which Merrimack River discharge enters the Bays.
We estimate that the plume from the Merrimack moves down the coast with a speeds
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in the range of 5-15 cm s™! (without accounting for wind effects) as is evidenced by
drifter, satellite and water property data. These velocities are consistent with those
found by Franks (1990) and the model results of Chao (1987). Therefore our esti-
mates indicate that would take about 15-20 days for a water parcel to travel from
the mouth of the Merrimack to reach the central part of Massachusetts Bay.

The episodic river discharge results in the formation of patches of relatively
fresh water which are advected through the Bays by the Bays-scale flow. The in-
creased surface warming during the summer months also helps to increase the density
contrast of the patchy low density features in the Bays (especially in Cape Cod Bay
during July). These patches of low density water have an associated baroclinic circu-
lation which disrupts the general Bays-scale circulation in the vicinity of the features.
The geostrophic circulation associated with these eddies is one of the principal sources
of the subtidal variability in the Bays. So while the density-related flow variability
dominates during this part of the year, the winds do appear to modulate the move-
ment of the low-density patches and associated currents.

Further study into the influence of the low-density input in the Bays during
other seasons may help to distinguish between the influences of the freshening due to
the Gulf of Maine inflow and the smaller magnitude river discharge from both local
and remote sources. By using the current data at Race Point and Cape Ann during
spring 1991, a more accurate time calculation should be possible. Continued analyses
of the complete data set should provide insight into the relation of the general Bays
circulation with the general circulation of the Gulf of Maine as well as what effect
any local perturbations may have on the Massachusetts and Cape Cod Bays system.
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Figure 3.2-1. Basin-averaged Brunt-Vaiisila frequency squared from the April 1990
and July 1990 hydrographic cruises. The profiles have been depth-averaged

over 5 meter intervals to reduce the noise.
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Brunt-vaisalo Frequency (N-2) at UG
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Figure 3.2-2. Subtidal Brunt-Vaisala frequency squared (stratification) based on
time series measurements in Stellwagen Basin (U6). The upper series repre-
sents an average over the 4m and 25m depth range. The lower series is an
average over the 25m and 60m depth range. The sharp increase in stratifica-
tion of the upper water column in late May was due to freshwater inflow.
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Figure 3.2-3. Six-hourly vectors of the subtidal currents and windstress between
30 April 1990 and 19 July 1990. True north is towards the top of the page;
currents are in cm/s; windstress is in dynes/cm?.
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Figure 3.2-4. Mean currents and windstress for the period 30 April-19 July 1990.
The amplitudes of Broad Sound and Scituate mean currents have been ampli-
fied five times for clarity. The arrow in the upper right corner is the 5 cm/s
and 0.05 dynes/cm? scale for current and windstress respectively.
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Figure 3.2-5. Principal axes of subtidal current variances for the period 30 April-
19 July 1990. Broad Sound and Scituate current variances have been amplified
five times for clarity.



340

05-24  to 05-29

428 . i r
e :
M 3 :
42.6 :P ................................................... <
- . 3 T e OO P DI U PV ROH OO ROD VPR ST -
)
°
£ 422
-
wd
42 SUSR w T T
41.8
41. R R i i
! 971 -70.8 -70.6 -70.4 -70.2 -70

Longitude

Figure 3.2-6. Surface drifter trajectory for 24-29 May 1991. Drifters were drogued

at 10 meters. The launch point is indicated by the arrow and dots locate daily
positions.
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Figure 3.2-7. Sateliite infrared sea surface temperature image from 27 May 1990.
Temperature scale is nonlinear and indicated on the image.
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Figure 3.2-8.
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Surface drifter trajectory for 1-20 May 1990. Drifters were drogued

at 10 meters. The launch point is indicated by the arrow and dots locate daily
positions (0000 UTC).
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Figure 3.2-9. Surface drifter trajectory for 14 May-5 July 1990. Drifters were
drogued at 10 meters. The launch point is indicated by the arrow and dots
locate daily positions (0000 UTC).
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Figure 3.2-10. Surface dynamic heights relative to 30m for 27-928 April 1990.
Units are in dynamic centimeters; contour interval is 0.2 dyn. cm. The
direction of the geostrophic flow is indicated by the arrows; the flow speed
can be inferred from the graph in lower left.
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Figure 3.2-11. Vertical section of geostrophic shear (relative to 30m) from Cape
Ann to Race Point for (a) 28-29 April 1990 and (b) 24-26 July 1990. The
contour interval is 2.0 cm/s. The dotted lines (negative values) indicate flow

out of the page.
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Figure 3.2-12. Surface dynamic heights relative to 30m for 24-26 July 1990. Con-
tour interval is 0.2 dyn. cm. The direction of the geostrophic flow is shown
by the arrows; the flow speed can be inferred from the graph in lower left.
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Figure 3.2-13. Vertical sections of geostrophic shear (relative to 30m) in Cape
Cod Bay for 24-26 July 1990. (a) East-west section; (b) North-south section.
The dotted lines (negative values) represent flow out of the page.
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Figure 3.2-14. The distribution of freshwater thickness in the upper 30m for (a)
28-29 April 1990 and (b) 24-26 July 1990. Contour interval is 0.05 meters.
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3.3 Wind-Driven Response

Wind-stress is an important driving force for the motions in the Bays, as well has
having a marked influence on water properties due to upwelling, downwelling and
vertical mixing. Previous work by Butman (1975) indicates a significant response of
the sea level to along-bay (NW-SE) winds, and model results by Wright et al. (1986)
indicate significant along-bay currents in response to along-bay winds. One of the
important objectives of the field program was to document the along-bay response,
and to determine whether it has an important influence on transport and exchange
in the Bays. The measurements did indeed reveal an energetic response to along-bay
winds, largely consistent with predictions based on earlier studies.

Less was known about the response to cross-bay winds at the outset of the
field program. The model results of Wright et al. (1986) indicate a weak response in
the Bays to SW wind forcing, although there is a large response of the Gulf of Maine
as a whole. The measurement program did show a significant influence of cross-bay
wind stress, particularly with respect to upwelling and downwelling in the coastal
regions.

The spatial scales of winds in this region tend to be large relative to the size of
Massachusetts Bay. However differences in wind stress were observed between sensors
at Logan Airport, the Boston Buoy and Otis Air Force Base on Cape Cod. Some
of these differences are due to measurement errors and/or local effects. But some
may be due to significant spatial variations in the wind stress that could influence
circulation. We did not resolve those variations well-enough to consider their effects.
Thus, for the purpose of this discussion it will be assumed that the winds are uniform,
using the winds measured at Logan Airport or the Boston Buoy to characterize the

Baywide wind field.

Wind records at Logan and the Boston Buoy indicate that the dominant wind
directions are NW and SW, with SW winds being more frequent in the summer and
NW winds in the winter (fig. 2.1-1). There are occasional strong winds from the
NE associated with storms. The winds tend to be stronger in the winter, with the
magnitude of stress averaging 0.8-1.2 dyn cm™2 compared to summertime averages
of 0.2-0.4 dyn cm™2. The correlation timescale of the winds is quite short, estimated
at 0.7-1.1 days, with slightly longer timescales during the summer. The persistence
timescale, estimated by the zero crossing of thé autocorrelation function, is 1-4 days,
the larger values occurring during the summer. The short timescale of wind events
means that although the response may be energetic, the excursions accomplished
by those motions will not be large. For example, a strong wind-driven current of
10 cm s™! that persists for 1 day will result in an excursion of 9 km. Such a dis-
placement is significantly less than the 50-100 km scales of the Bays. Thus these
wind-driven displacements are usually insufficient to cause large-scale exchange be-
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tween the Bays and the adjacent Gulf of Maine. The wind-driven motions are most
effective in redistributing the water within the Bays.

The following describes the wind-driven response of the Bays as seen in the
pressure and current observations during times when the density-related flow vari-
ability was less important. :

3.3.1 Baywide Response to Wind Forcing — Pressure Measurements

A statistical analysis of the Bays pressure and pressure difference fields is based
on observations from late autumn-early winter period of 26 October 1990 through
14 January 1991 when there was particularly detailed coverage of the Bays pressure
field. During this time of the year, the density stratification is relatively weak (see
fig. 2.2-7) and the wind-forced response of the Bays was stronger than at other times
in the year. This can be seen in the relatively large amplitudes of the pressures (fig.
2.2-12). For this analysis, a linear trend was removed from each pressure record to
emphasize the wind driven variability and minimize contamination from drift in the
pressure measurements. '

The visual similarity of the pressure records is very obvious in the time series
comparison (fig. 2.2-12). Closer inspection reveals that the more western and north-
ern stations have larger fluctuations. This spatial similarity is quantified in terms
of an empirical orthogonal function (EOF) analysis of the pressure field variations
(see Appendix P). This analysis extracts that part of the pressure field that moves
in unison (i.e., is correlated). The amplitudes of the pressure variations, associated
with the primary pattern (i.e., mode-1), are contoured in Fig. 3.3-1. Based on the
strong visual similarity of the records, it is not surprising that the primary EOF mode
explains 94.6% of the total pressure variance. Thus in this case, sea level in the Bays
is heaving up and down in unison with an amplitude of about 10 cm. The temporal
variation of the mode looks very much like the pressure time series themselves (fig.
2.2-7). The primary pressure EOF is most highly correlated (0.86) with the across-
Bays windstress. It has been shown that the large scale Gulf of Maine pressure field
is also more strongly coupled to the across-Bays (i.e., along-Gulf) component of the
windstress than to the along-Bays (i.e., across-Gulf) windstress component. Thus we
find that the Bays pressure field variability is an integral part of the larger scale Gulf
of Maine response to windstress.

Despite the similarity, there are measurable differences in the pressures (fig.
3.3-2). Pressure differences are a proxy for “geostrophic” ocean currents; those cur-
rents for which earth rotation is important. The temporal variability in the pressure
differences is largest at periods between 2 and 5 days. A selected set of pressure
difference time series (fig. 3.3-2) have been subjected to a statistical analysis similar
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to that of the pressures. The pressure difference EOF analysis shows that the first
and second EOF modes (57.7%, 29.2%) explain nearly 90% of the pressure difference
variance. The first EOF mode inflow (or outflow) pattern (fig. 3.3-3) involves more of
the bays than the second EOF mode which appears to be localized around Stellwagen
Bank. The first EOF mode is more highly correlated (0.91) with local wind stress
than the second EOF mode (0.60). Therefore, about 59% of the geostrophic flow
(i.e., pressure difference) variance is wind-forced — a result somewhat larger than a
similar analysis of measured currents.

3.3.2 Baywide Response to Wind Forcing—Moored Current Measure-
ments

The influence of the winds on the currents is best exemplified by the wintertime
conditions at Scituate (fig. 3.3-4), where the along-bay flow is highly correlated with
along-bay winds. The correlation coefficient between along-bay winds and along-bay
currents at Scituate is 0.75 for this period. Although this location shows the highest
correlation with the wind, the moored records tend to show significant correlations
throughout the year, indicating an important although not always dominant role of
the wind in driving the flow in the Bays.

A simple statistical representation of the wind-driven currents is obtained by
covariance analysis between the winds and currents. The analysis is based on the
model uyater = Uy, Where a is the transfer function. Using complex covariance
analysis, o includes the magnitude and direction of response. It was found that
the character of the response depends sensitively on the wind direction, so separate
analyses were done for the across-bay (SW-NE) and along-bay (NW-SE) directions.
Due to seasonal variations in the response of the Bays to winds due to changes in
stratification, the response was analyzed separately for the individual seasons, (as
defined in Section 2.2). The results of this analysis are presented in Table 3.3-1 and
figures 3.1-5 and 3.1-6.

Response to along-bay winds (NW-SE)

It was found, not surprisingly, that there was a more energetic response to
along-bay winds than across-bay winds. Fluctuations in this direction were gener-
ally associated with northwesterlies, so the plots of the transfer function represent a
“typical” northwesterly event of 1 dyn cm™? or roughly 14 knots (fig. 3.3-5). The
response was stronger during the summer and fall than the winter and spring, pre-
sumably because stratification reduced the influence of friction on the wind-driven
flow. The response was largest during the summer, when the NW winds were found
to produce a large response in the surface waters at the Boston Buoy, Scituate and
U2. The maximum response was at Scituate, with a transfer coefficient of 14.4 cm s~!
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per dyn cm™2. The large response at U2 may be spurious, since the correlation with
winds was not high at that location.

The general character of the response to NW winds persisted through the rest
of the year, with the exception of the flow at U2, which showed no significant response
during the fall and winter periods. (There were no data at the U2 surface instrument
during the spring of 1991). By continuity, water still must have been entering Mas-
sachusetts Bay during these periods, but apparently the inflow was confined more
closely to Cape Ann. The addition of instruments at Race Point and Manomet al-
lowed the response there to be observed during the fall, winter and spring periods.
Of particular interest are the Race Point data, which show deep outflow and surface
* inflow in the fall, switching to outflow through the whole water column during the
winter and spring periods.

A downwelling response was suggested by the currents at the Boston Buoy and
Manomet during all seasons except for the winter. During the winter, the near-surface
and near-bottom flow followed the isobaths along the coast.

Response to across-bay winds (SW - NE)

Across-bay. winds generally corresponded to southwesterlies, although there
were occasional strong northeasterly storms. For the purpose of illustrating the re-
sponse to across-bay winds, the response to a 1 dyn cm=2 wind stress from the SW
was plotted (fig. 3.3-6). During the summer of 1990, there was a strong response
in the near-surface water at the North Passage (U2) as well as Cape Cod Bay (U7),
but weak response elsewhere. The deep coastal instruments indicated an upwelling
response to SW winds, with a magnitude of 1-3 c¢m s~!. Although it was weak, the
correlation coefficients were high (0.45-0.6; see Table 3.3-1), indicating that a signif-
icant fraction of the variance was explained by the upwelling response. A stronger
upwelling response was evident during the fall period, during which near-bottom cur-
rents at Manomet reached 5 cm s™! per dyn cm™?, and near-surface currents of
comparable magnitude were directed offshore at Manomet and Scituate. During the
fall period, SW winds forced strong inflow in the deep water at Race Point (12 cm s~1
per dyn cm™?). During the winter and spring the same general pattern persisted,
although the magnitude of the inflow at Race Point was greatly reduced.
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broad 18
bb 5

bb 33
scit_5
mano_5
mano_29
u7_4

uz 4

u3 25
u6_8
ué_28
ué_80
‘uéb_75
uéb 84
race_5
race_23
race_S55

broad §

bb_23
bb_33
scit_5
mano_5
mano_29
u7_25
uz2_60
u3 4
u3_25
ué_8
u6_28
u6_80
uéb_75
race_5
race_55
race_60

Table 3.3-1 (con’t)
Units of the transfer function are cm s

¢ Correlation betw

e¢n Wind and C

per dyn cm

Orientation theta is degrees True.

288.6
180.1
197.7
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NW - SE
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0.46 3.81
0.28 1.94
0.13 0.87
0.05 0.76
0.26 2.00
0.22 2.35
0.23 2.73
0.20 1.20
0.15 1.39
0.22 1.40
0.27 3.85
0.45 4.75
0.44 5.43

NW - SE
corr
0.55 3.96
0.45 6.09
0.22 1.92
0.24 1.92
0.59 8.50
0.37 4.90
0.28 2.36
0.46 3.76
0.22 2.44
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0.24 4,08
0.38 4.40
0.33 2.70

|

N

N
BOBLODOONDORN

Winter 1990 - 1991
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252.5

59.5
294.8

98.9
101.7
270.3
163.9

354

Errents

152.5

89.5
314.3
286.9
109.5

87.1
289.1
198.3
323.1
269.4

31.9
172.3
140.9

76.0
312.8

99.2
253.0
252.2

SW - NE
0.57 2.57
0.36 3.47
0.49 2.58
0.28 4.39
0.12 1.25
0.34 3.00
0.36 3.03
0.22 4.09
0.28 2.62
0.20 2.98
0.16 2.54
0.18 1.47
0.18 2.18
0.15 1.21
0.14 2.46
0.33 4.44
0.30 4,69
SW - NE
corr transfn theta
0.16 1.02
0.15 1.81
0.53 4.05
0.57 4.04
0.21 2.57
0.22 2.60
0.35 2.56
0.11 0.80
0.22 2.18
0.06 1.30
0.11 0.77
0.01 0.13
0.04 0.44
0.18 0.99
0.21 1.01
0.23 3.51
0.34 3.46
0.33 2.39
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3.3.3 Baywide Response to Wind Forcing—Drifter Measurements

The drifter data also provide a measure of the response of the currents to winds,
although since the time the drifters spend adrift in the Bays is short (10-25 days),
the statistics are not very accurate on the transfer function. Table 3.3-2 indicates
the correlations and transfer functions between the wind stress and drifter velocity
for the five drifter deployments, again doing separate analyses for SW and NW wind
directions. There was a lot of scatter in the magnitude of the transfer function, but it
typically ranged from 5 to 10 cm s™! per dyn cm~2. Higher values were observed in
the summer 1990 and spring 1991 periods, and the lower values were observed during
the winter.

The average veering angle for northwesterly winds was 15° to the right of
the wind, and for southwesterly winds it was 56° to the right of the wind, although
with considerable scatter. The veering is likely the result of the Earth’s rotation,
which in the absence of bottom friction or lateral boundaries would produce a 90°
veer in the current direction. The smaller veering angle for northwesterly winds is
probably related to the stronger. constraint of the lateral boundary, which restricts
the flow in the on—offshore direction. The presence of boundaries also influences the
response to across-bay winds, although it is not as pronounced. Bottom friction also
reduces the veering tendency. The influence of bottom stress should vary markedly
between unstratified and stratified periods, however there is no clear evidence of a
marked change in veering between winter and summer periods. Again the data are
noisy enough due to the short record lengths that it is difficult to make detailed
COIMparisons.

Summary of the Baywide Response to Wind Forcing

The along-bay winds drive a coastally intensified, along-bay flow, consistent
with Csanady’s (1974) and Wright et al’s (1986) model predictions. Based on these
model studies as well as the analysis of pressure data, the wind stress sets up an along-
bay pressure gradient that opposes the wind stress. In the shallow coastal regions,
wind stress dominates over the pressure gradient, and there is downwind flow. In the
deep regions, there is a weak return flow. This pattern is complicated by the geometry
of the Bays and by the variations in stratification. More analysis should be done to
determine the dynamics of the along-bay response. This analysis will be facilitated
by use of a three-dimensional numerical model being applied to Massachusetts Bay

by the USGS.

The dynamics of the response to cross-bay winds are more problematical. Since
they relate to the upwelling regime, they will be discussed in the next subsection.
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Table 3.3~2
Correlation between Winds and Drifter Velocities
(parentheses indicate insignificant_forrelation)__2
Units of the transfer function are cm s per dyn cm -,
Orientation theta is degrees True.

Spring 1990

NWw - SE SW - NE
corr trans theta corr trans theta npoints
(0.10 2.27 170) 0.34 6.49 26 144
(0.17 3.46 73) 0.32 5.23 4 74
(0.11 3.69 161) 0.43 11.24 89 61

Summer 1990

NW - SE SW - NE

corr trans theta corr trans theta npoints
not enough points
0.38 14,94 163 0.43 21.70 39 46
Fall 1990

NW - SE " SW - NE
corr trans - theta corr trans theta npoints
0.53 8.26 160 0.40 5.73 71 50
0.36 5.57 150 0.36 7.04 58 104

not enough points

Winter 1990 - 1991

NW - SE SW - NE
corr trans theta corr trans theta npoints
not enough points
0.36 6.61 145 (0.19 3.46 72) 79
0.35 6.06 126 0.35 7.73 69 73

Spring 1991

NW - SE SW - NE
corr trans theta corr trans theta npoints
0.35 11.36 156 0.32 10.54 86 86
(0.20 5.90 360) (0.20 4.19 100) 66

(0.13 6.75 125) 0.52 17.82 64 43
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3.3.4 The Uﬁwelling—Downwelling Regime

Upwelling occurs in coastal environments when wind stress acts in a direction that
causes the near-surface, wind-driven flow to be carried away from shore. In regions
deep enough that the surface and bottom Ekman layers are distinct, the near-surface
transport is roughly 90° to the right of the wind, while in shallower regions where
stress is transmitted through the whole water column, the angle decreases some-
what from 90°. In Massachusetts Bay, the prevailing SW winds occurring during the
summertime are oriented at 45-90° to the west coast of the Bays, providing upwelling-
favorable conditions. Conversely, downwelling is favored when the winds are oriented
in the northerly quadrant (NW-NE). During the summertime period, northerly winds
occur as brief interruptions of the prevailing southerly wind pattern (fig. 2.1-1).

The presence of upwelling was evident in the satellite data, the moored tem-
perature data, and in the hydrographic data. The moored data provide a statistical
basis for examining the upwelling process and its time-variation, while the other data
provide more information about its spatial structure.

Description of the Upwelling Regime, 1990

The response of the currents to southwesterly winds (fig. 3.3-6) clearly indi-
‘cates the upwelling tendency in the coastal waters. The occurrence of upwelling is
also indicated in the moored records by colder temperatures observed in the surface
waters at the coastal stations than offshore. This is clearly revealed in fig. 3.3-7,
in which temperatures at the Broad Sound, Boston Buoy and Scituate moorings are
found to drop well below the temperature at U6 in the middle of Stellwagen Basin.
The Broad Sound location shows the most marked departures from the mid-bay tem-
peratures, but the other coastal moorings also show marked drops in temperature
during upwelling periods. Four major upwelling periods can be identified, as follows:

Maximum
Dates Temperature Anomaly
6/2/90 - 6/10/90 -3°
6/17/90 - 6/30/90 -3°
7/11/90 - 7/27/90 -8°
8/7/90 - 8/18/90 -4°

The upwelling periods each corresponded to periods of sustained winds with
a positive component in the northeastward direction (i.e., SW winds) (fig 3.3-7, top
panel). There were brief interruptions to the SW winds during some of these events,
for example the wind reversal on 7/13/90, but each of these periods was dominated
by southwesterlies.
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There appeared to be a different time lag in the response at the different coastal
moorings, which was most evident during the July event. The temperature dropped
first at Broad Sound, followed several days later by a drop at the Boston Buoy. The
temperature did not drop at Scituate until nearly the end of the upwelling period. The
temperature at U6 also dropped slightly at the end of this period. It is conceivable
that the sustained upwelling resulted in cooling all the way across Massachusetts Bay
during this period (see discussion of satellite imagery, below).

The deep waters showed little response to the upwelling favorable winds, but
there was a dramatic response to downwelling favorable winds. There were four
pronounced downwelling-favorable wind stress events, each of which resulted in a
marked increase in temperature in the deep water at Broad Sound. Downwelling
events in June and mid-August caused the temperature to increase to virtually the
same temperature as the near-surface waters.

Statistical Analysis of Upwelling Response

Low frequency (1.5-30 day period) temperature fluctuations among the coastal
sensors were found to be positively correlated with each other (r = 0.6-0.7, based
on detrended data to remove seasonal variations) during the spring-summer period,
indicating that both near-surface and near-bottom temperatures varied in phase with
each other. This is consistent with an upwelling-downwelling regime, as opposed
to a tidal or wind-mixing regime in which the near-surface and deep temperature
variations would be negatively correlated.

The temperature fluctuations were also found to be significantly correlated
with the winds. Interestingly, higher correlations were obtained with Cape Cod winds
than either Logan or Boston Buoy winds. The Broad Sound near-surface record has
a correlation of 0.35 with a 4 day lag, while the Broad Sound deep record has a
correlation of 0.58 with a 1 day lag. The orientation of the wind vector of highest
correlation is 225°, with negative anomalies (i.e., upwelling) occurring with SW winds.
The timeseries (fig. 3.3-7) show that the near-surface anomalies are temperature
decreases associated with upwelling, while the near-bottom anomalies are temperature
increases due to downwelling. The upwelling events tend to be longer lived (4-18
days) than the downwelling events (1~2 days), due to the relatively longer timescale
of southwesterly wind events relative to northerlies, which tend to occur as frontal
passages.

As indicated in the previous section, the currents along the western margin of
the Bays clearly indicate an upwelling response to SW-NE fluctuations in winds (fig.
3.3-6), with offshore flow in the surface waters and onshore flow in the near-bottom
waters. The magnitudes of the currents associated with the upwelling regime range
from 1-3 cm s per dyn cm™2. While the currents are weak compared to the along-
bay currents, these small cross-shore velocities result in significant vertical velocities,
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on the order of 3-10 m/day, due to the small transverse distance to the shore (5-10
km). This provides a significant vertical exchange rate, as evident from the water
properties data.

Satellite Imagery of Upwelling

A number of the clear satellite images obtained during the summer of 1990 in-
dicated the presence of upwelling (see Section 2.5). This is partly due to the tendency
for the weather to be clear during periods of SW winds, when upwelling occurs. Two
particularly good images of upwelling are shown in figs. 3.3-8 and 3.3-9.

Figure 3.3-8 shows the surface temperature during the strongest upwelling
event of the year, when surface temperatures at Broad Sound were 8° lower than those
in the middle of Stellwagen Basin. This upwelling event was forced by persistent SW
winds. The satellite image indicates that the coldest water extends from Broad Sound
to Cape Ann, extending approximately 10 km from the coast. A smaller upwelling
zone occurs in western Cape Cod Bay. A narrow band of upwelling occurs along the
coast from Plymouth to the Boston area. The variations in intensity of the upwelling
are likely the result of variations in orientation of the coast, which more strongly
favors upwelling when it more closely parallels the prevailing SW winds. The northern
portion of Massachusetts Bay and western Cape Cod Bay have the most favorable
orientation to the prevailing SW winds for upwelling, and they indicate the strongest
response.

Virtually all of the satellite images indicate plumes and filaments of cold water
extending offshore from the coast at various places. A plume extending out across
Cape Cod Bay was almost always observed. Offshore flow results from a convergence
of the along-shore flow, which can occur as a result of a change in the intensity of
upwelling. This probably explains the feature in Cape Cod Bay.

Figure 3.3-9 shows a period of upwelling in August, 1990, when the wind
forcing was quite weak. In spite of the weak wind forcing, cold water was evident
throughout the western shore of the Bays, with the most pronounced anomaly in Cape
Cod Bay. This upwelling regime was apparently forced by the SW winds occurring
over the previous 10 days, and the cold water remained at the surface in spite of the
relaxation of the wind forcing. The temperature anomaly persisted until August 21,
when a major wind reversal forced a downwelling event that homogenized the near-
surface waters and caused a marked increase in the temperature of the deep waters
at the coastal moorings (fig. 3.3-7).

Dynamics of Upwelling in the Bays

The dynamics of upwelling in Massachusetts and Cape Cod Bays differs from
the classical upwelling regime due to the semi-enclosed geometry of the Bays. In
“normal” upwelling, there is an along-coast flow that geostrophically balances the
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set-down of the sea surface along the coast. Calculation of the baroclinic pressure
gradients in the cross-shelf direction using the moored density data indicate that
geostrophic currents of 5-15 cm s~! should occur. However, there is little evidence of
geostrophic flow in response to southwesterly winds, based on the covariance analysis
(fig. 3.3-6). This is likely due to the variability of the orientation of the shoreline,
which causes too much variability in the coastal sea-level set-down to produce a
continuous coastal current. It is possible that there are limited regions in which a
geostrophic flow occurs, such as the near-shore regions in western Cape Cod Bay and
the north shore of Massachusetts Bay. However there were no current meters close
enough to shore in these regions to detect the along-coast flow.

A detailed analysis of the upwelling regime is yet to be performed. Future
investigation of the dynamics of upwelling will be performed in conjunction with the
numerical modeling program being undertaken by the USGS.

Significance of the Upwelling Regime

Upwelling appears to be a major mechanism for carrying subpycnocline water
into the near-surface layer of the Bays. Its influence is most pronounced in several
coastal regions, notably the north shore of Massachusetts Bay and western Cape Cod
Bay, but the satellite images indicate that the temperature anomalies extend across
much of the Bays during periods of sustained upwelling. Based on the persistence and
spatial extent of the upwelling process, it could be the most important mechanism
contributing to vertical exchange in the Bays during the stratified portion of the
annual cycle. However, the actual transport rate due to upwelling has not yet been
quantified with precision. A crude estimate of the vertical transport due to upwelling
can be obtained from the moored current meter data, suggesting a mean onshore
velocity of approximately 1.0 cm/s at the Boston Buoy and Scituate (Table 2.2-5). If
the vertical extent of this onshore flow is assumed to be 5 m, and it extends along 25
km of the coast, the vertical transport amounts to 1.2 x 10° m?3 s,

Based on the volume of deep water in the Bays of approximately 8 x 1010 m3
(see fig. 3.4-2, next section), this upwelling rate would exchange approximately one
eighth of the deep water in a 3-month period. Based on the observed changes in deep
temperature and salinity through the course of the summer, that may be a reasonable
estimate of the total vertical exchange (see section 3.4 for more details).

The rate of vertical exchange is particularly important with respect to the
primary productivity of the Bays, since the rate of phytoplankton growth is usually
limited by nitrogen, and there is a large reservoir of nitrogen in the deep waters of
the Bays (Townsend et al., 1990). After the near-surface nitrogen is depleted in the
spring bloom, subsequent growth of phytoplankton in the Bays depends on inputs

- of nitrogen to the euphotic zone, either by horizontal or vertical transport. Western
Massachusetts Bay receives a horizontal flux of nitrogen from the Boston sewage
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outfalls, but the remainder of the Bays depends on vertical transport to support
primary production. Based on these observations, the vertical transport associated
with upwelling may be the primary mechanism for delivering nitrogen to the surface
waters from the deep waters of the Bays. Further work is required to quantify this
flux and to compare it with estimates of diffusive flux across the thermocline.
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Figure 3.3-1 Primary pressure empirical orthogonal function. Amplitudes in decibars.
The arrow indicates the direction of the windstress (236°T) which is most
highly correlated (0.86) with this mode.
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Figure 3.3-3 First and second pressure difference EOFs. The amplitudes (mb) of
the pressure differences are presented so as to suggest the magnitude and sense
of the inferred geostrophic transport. The arrows on land indicate the direc-
tion of the windstress (mode-1, 296°T; mode-2, 41°T) most highly correlated
with mode-1 (0.91) and mode-2 (0.60) respectively.
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Along-bay wmds winter 1990 - 1991

NN ROOOH N
o wnmouwmwouwnmouwnmo

dyne/cm™ 2

1815222961320273101724317142128
NOV DEC JAN FEB

Along-bay, near-surface current at Scituate

15 22 29 6 1320273 10 17 24 31 7 142128
DEC JAN FEB

Figure 3.3-4 Along-bay (NW-SE) winds at Boston (Logan) and along-bay (-30°)
currents at Scituate, 5-m depth during the winter of 1990-1991. The corre-
lation coefficient between the wind and currents at Scituate was 0.75 for this
period, with a transfer function of 9.3 cm s™! per dyn cm™2.
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Figure 3.3-7 Across-bay wind stress at Boston (Logan) and temperatures at coastal
and mid-bay locations in Massachusetts Bay. In the upper panel, positive val-
ues indicate winds toward the northeast. The temperature records include
the coastal moorings at Broad Sound (bs), the Boston Buoy (bb) and Scitu-
ate (sc) and the mid-bay mooring (u6). Both near-surface (4-5 m depth) and
near-bottom temperatures are plotted for each location. There are marked
deviations of the coastal temperature in the near-surface waters from the mid-
bay temperature, indicating periods of upwelling. The near-bottom waters at
Broad Sound show episodes of sudden warming, associated with downwelling
events.
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Figure 3.3-8 Satellite image of upwelling, July 17, 1990. Moderate wind forcing
from the SW produced strong upwelling in northern Massachusetts Bay and
western Cape Cod Bay. Based on the moored temperature data at Broad
Sound, this was the strongest upwelling event of the year.
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Figure 3.3-9 Satellite image of upwelling, August 13, 1990. Wind forcing is weak,
but there is a pronounced temperature anomaly along the coast associated
with persistent upwelling conditions.

by clouds in the lower portion of the image, in situ measurements confirmed
that the variations observed in Cape Cod Bay were real.

Although there was some contamination ,
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3.4 Residence Time Estimation

Residence time is usually defined as the average length of time that some substance
remains in a body of water before it is removed. The concept is very valuable for
assessing the relative rates of physical removal processes to biological or chemical
removal. In the case of water in coastal embayments, the physical removal process
due to currents is much more rapid than any other process, so the residence time
of water is inherently a function of the physical oceanography. The estimation of
residence time is difficult in practice, for a variety of reasons. The definition is clear
in the case of a well-mixed system with well defined inputs and removals, for example
a stretch of a river. However in the case of most embayments, neither is the system
well-mixed nor are there well defined inputs and removals of water.

It is clear from the hydrographic data that Massachusetts and Cape Cod Bays
are not well mixed, as evident by the variations in water properties in different parts
of the Bays. During the warm months, the strong vertical stratification indicates
that the waters above the thermocline have little exchange with the waters below the
thermocline, hence these represent separate “reservoirs” which likely have different
residence times. Likewise there are significant horizontal gradients between different
portions of the Bays. The region near Boston Harbor tends to be fresher than the
offshore water, and Cape Cod Bay tends to have different water mass characteristics
than Massachusetts Bay. If there were adequate information about transport, the
optimum approach would to be to divide the system into small enough subsections
that the well-mixed assumption was approximately satisfied in each section, i.e., that
the variations within a section was small relative to variations between sections. How-
ever, this requires knowledge of exchange rates between each section, which limits the
extent to which subsections can be defined. For the purpose of residence time calcu-
lations in the Bays, the upper water is distinguished from the deep water, since there
is evidence that their residence times are considerably different. However there is
inadequate transport information to distinguish in a quantitative sense the residence
times in different regions of the Bays. At the end of the section some qualitative
comparisons will be made between different regions, based on the available data.

Estimates of input or removal of water can be accomplished in several ways.
A common approach in estuarine systems, where there is a well defined input of
fresh water, is to use the transport and volume of fresh water to determine the fluid
residence time. The difficulty of this approach in the Bays is that a major fraction
of the fresh water enters through the seaward boundary. While this flow is related
to the discharge of the rivers of the Gulf of Maine, the actual amount of fresh water
that enters the Bays is a complicated function of the runoff and wind forcing, hence
it cannot be easily quantified. A second approach is to put a tracer in the water,
and actually observe how long it takes before it is removed. The drifters deployed
in this program provide such a tracer. The weakness of this approach is that the
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statistical significance of the drifter residence times is difficult to determine, due to
the small numbers of samples. A third approach is to use current measurements at
the boundaries and within the Bays to determine the transport in or out of the Bays.
In principle this is valid, but it requires that there be a well defined flow regime with
distinct regions of inflow and outflow. In many systems the exchange is not the result
of an organized circulation, but rather it depends on fluctuations of currents across
the boundary, i.e., dispersive exchange rather than advective transport.

The current measurements in Massachusetts Bay suggest that in fact the ad-
vective transport is more important for exchange than dispersion. This is based on
observations of typical mean velocities of 2-5 cm/s within the Bays and 10-20 cm/s
at the seaward boundary. The general pattern of the mean flow is southward, with
inflow south of Cape Ann and outflow north of Race Point. Hence the inflow and
outflow are distinct, which provides for a well defined residence time if either the
inflow or outflow can be quantified. While there are marked fluctuations about these
means, the time scales of the fluctuations are short, on the order of 1-2 days, so they
do not accomplish significant net transport. Hence the dispersive transport is not as
important as the mean flow for baywide exchange. Dispersive transport is important
in certain regions of the Bays, notably the region around the Boston Buoy (where the
new sewage outfall is being placed), where the mean flow is weak, so the transport

is accomplished by dispersion due to the fluctuations (see more detailed discussion
below).

In the remainder of this section, the residence time will be estimated based on
different data sources and techniques. The variation among the different estimates
provides some indication of the uncertainty of the calculations, as well as the actual
variation in residence time among the seasons and regions for which each method is
most applicable.

3.4.1 Residence Time Based on Advective Transport

The residence time can be estimated, assuming the dominance of advective transport,
by
Vv

Tres umean A

where Tres is the residence time, V is the volume of the portion of the Bays of interest,
Umean is the mean inflow or outflow velocity in the direction normal to the entrance
or exit section, and A is the area of that section. Based on the mean pattern of
currents in the Bays, three sections can be defined that should each include roughly
the same amount of mean throughflow (fig. 3.4-1). Unfortunately none of the sections
have adequate current meter coverage to quantify the transport. Still, it is instructive

to look at the mean flows normal to these sections based on the current meter data
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to provide at least an order-of-magnitude estimate of the residence time. Considering
the record-average data, the mean flow at the North Passage section tends to be at an
angle to the section, but there is a significant mean inflow. At the other sections the
mean flow of the near-surface water is nearly normal to the section. The component
of velocity normal to each section, based on the record-length data, is shown in Table
3.4-1.

Table 3.4-1: Mean velocities at North Passage, Mid-Bay and South Passage
Sections, based on data over the entire deployment period. The section width is very
approximate, based on an estimate of the breadth over which the mean inflow or

outflow occurs. The transport estimates are in m3 s~! for 20-m depth increments:
0-20, 20-40 and 40-60 m.

Inst. Depth Section Width Mean Velocity Transport

Location (m) (=km) (cms™) (m3s71)
North Passage 5 20 4 (inflow) 16000
(U2) 25 14 9 (inflow) 25200

60 0.5 4 (inflow) 400
Mid Bay 5 30 3 (down-bay) 18000
(SC) 23 20 0 0
South Passage 5 10 8 (outflow) 16000
(RP) 23 7 0 0
60 0 0 0

The results, albeit crude, show a consistent throughflow for the near-surface
mean transport of 16000~18000 m® s~*. This agreement is largely fortuitous, given
the weak assumption of spatial uniformity required to make these calculations. The
main weakness of the calculation is the poor spatial resolution of the moorings. Ad-
ditionally, seasonal variations in transport are not accounted for. It should be noted
here that the drifters typically indicated higher throughflow velocities than did the
moored instruments (Section 2.3). How much of this difference is related to under-
sampling in space of the moored instruments vs undersampling in time of the drifters
is not known, but for the present either estimate of the throughflow is plausible.

- The deeper transport shows considerable inconsistency between the North Pas-
sage and other sections. This discrepancy is most likely due to spatial variation in
the southward flow around U2 due to complex topographic variation. Based on the
orientation of the isobaths, the deeper flow would be expected to curve eastward
rather than continuing straight into Massachusetts Bay; hence it is reasonable to dis-
count the large inflow values from the deeper instruments. There probably is some
throughflow at depths below 20 m, but its magnitude is probably a small fraction of
the near-surface throughflow.
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The volume of the Bays was calculated by numerical integration of bathymetric
data. The horizontal area of the Bays was also calculated as a function of depth. The
resulting hypsometric curve and area vs. depth curve are shown in fig. 3.4-2. The
total volume of the Bays is 1.45 x 10! m®, with roughly half that volume above and
below 20 m depth. The area at the surface is 4.05 x 10° m?.

Residence time can be estimated for the waters in the top 20-m, based on the
above transport estimates and the hypsometric data, yielding a residence time of 47—
52 days. The residence time of the entire water column will tend to be longer, but it
depends on what value of deep through flow is assigned. There is some evidence from
hydrography that the deep water exchange is weak or negligible during the summer
months (see Section 3.4.4). This is not inconsistent with the moored velocity data.

3.4.2 Residence Time Based on Drifter Transit Times

Transit times of drifters suggest quite short residence times of the near-surface waters.
Results from Section 2.3 indicate that the average transit time of drifters between
western Massachusetts Bay and South Passage, where they exit, 18 days + 13 days,
based on 9 drifter trajectories. This may be a biased estimate, since it neglects drifters
that grounded. In addition, the statistics of the drifter motion are not as solid as
the moored data, due to the limited number of deployments. The transit time is
somewhat analogous to a residence time, although the portion of the transit getting
into western Massachusetts Bay should be included as well. That may add another
10 days to the total, yielding a residence time in the top 10-m of approximately 28
days. This is approximately half of the value estimated from the moored data, which
is consistent with the analysis that shows mean velocities of the drifters roughly twice
the moored values.

3.4.3 Residence Time Based on Fresh Water Repiacement

If the volume of fresh water within the Bays (Vw) is known and the flux of fresh
water into the Bays (Q.,) can be estimated, a residence time can be calculated by
dividing the former value by the latter: Ttw = Viuw/Qfw. The fresh water volumes
were calculated for each major cruise by calculating the fresh water fraction relative to
a specified reference salinity for each 0.5m sample at each station. This was multiplied
by the depth interval and summed over each station to obtain the fresh water volume
per unit area at that station. These values were then interpolated onto a grid, the
interpolated values at each grid multiplied by the grid area and the results summed
to obtain bay-wide estimates of fresh water volume. A variety of reference salinities
were used, and displayed in the table below. For the present purpose, a value of 33.2
psu is taken as representative of western Gulf of Maine water into which river water
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mixes.
Table 3.4-2
| Fresh Water Volume/(m® x 10°) |
Reference Salinity
Date 32.2 [32.4]32.6[32.8][33.0]33.2 [33.4 [33.6 338 34.0

4/27-28/90 || 0.064 | 0.27 [ 0.69 [ 1.24 [ 1.90 [ 2.74 [ 3.60 | 4.44 [ 5.27 | 6.10
7/24-25/90 || 0.84 |1.37[2.11[2.91[3.71 [4.50 | 5.28 | 6.06 | 6.82 | 7.58
10/16-18/90 || 0.58 | 1.07 [ 1.75 ] 2.61 | 3.47 | 4.32 | 5.15 | 5.98 | 6.77 | 7.60

2/4-6/91 0.040 | 0.19 | 0.52 | 1.26 { 2.14 | 3.02 | 3.90 | 4.76 | 5.61 | 6.45
3/20-23/91 || 0.12 [0.41 |1.04|1.91]2.81[3.70 | 458 | 5.45 | 6.31 | 7.16
4/29-5/2/91 || 2.63 [3.434.28 [ 5.14 [ 5.98 | 6.82 | 7.65 | 8.46 | 9.27 | 10.06

Combining the river flow data (fig. 2.1-3) with the estimates of fresh water
volume yields residence times ranging from 14 days in April, 1990 to 104 days in July,
1990. The 104 day estimate used river flows during the period immediately preceding
the cruise. However it makes sense to consider flows over a longer period when the
residence time is this long, and using a higher value based on flows in June yields
a value of 37 days. It should also be noted that during the stratified conditions of
spring through early fall, only the upper layer will be significantly influenced by the
flow of fresh water, so the estimates may be high by a factor of two. However, this is
offset, and other estimates increased by the fact that the coastal current carrying the
river flow from the north does not penetrate the bay continuously. It is not possible
to determine the fraction of northern river water which actually transits the Bays,
but a value of 50% is probably not greatly in error, resulting in residence times in the
range of 28 to 100 days based on fresh water replacement.

3.4.4 Residence Time Based on Cross-Pycnocline Diffusion

During the warmer months (approximately April-October), the bay is sufficiently

stratified to restrict vertical mixing across the pycnocline. Examination of the temperature-

salinity characteristics in the deep water of the Bays (Stellwagen Basin) and those in
the adjacent region of the Gulf of Maine suggest that relatively little lateral advection
of Gulf of Maine water into the deep waters of Stellwagen Basin, presumably due to
the relatively shallow sills at the northern and southern ends of Stellwagen Bank.
The renewal of the deep waters during this period may thus be modeled as a one di-
mensional vertical mixing process. The water properties in the basin and in the Gulf
are compared in figure 3.4-3. T-S curves for station BO7, in Stellwagen Basin (SB)
and station SC9, the furthest offshore station in Gulf of Maine (GM) during the early
cruises, are shown for all cruises from April, 27 through October 16, 1990. For the
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bay-wide cruises, open symbols represent SB conditions and closed symbols represent
‘GM conditions. Northern bay cruise samples in SB are represented by ‘4’ and ‘x’
symbols. In April, 1990, the deep waters were very similar in the two locations. By
late June, the SB water had warmed and freshened, particularly at shallower depths.
The deepest water is very similar to conditions which could have been achieved by
mixing of the earlier profile, suggesting that as the upper layer warmed, some heat
diffused downward, but that the warming had not penetrated to the bottom. From
late June to late July the data indicates an evolution of the deep water in SB due en-
tirely to mixing. Note, however that the deep water in GM was considerably warmer
and/or saltier than that in SB, while the T-S curve in SB tended to converge towards
the GM curve at shallower depths. This is consistent with the hypothesis that the
GM water was advecting through the bays in the upper layers, but that interaction
between this water and the deep water in SB was strictly through vertical mixing.

The September 28 northern bay cruise found a rather different T-S relation in
the deep water. The deepest water lay on the GM curve for J uly 24. This water could
have been formed either by mixing of the July GM water or by mixing of SB water
assuming additional warming of the shallower water. In either case, the September
T-S curve suggests considerable warming of the shallower water. Between September
28 and October 16, the water at SB changed significantly, suggesting that during
this period advection was important. This is supported by the similarity between the
deepest waters in SB and GM.

It is clear from figure 3.4-3 that the waters in both SB and GM were steadily
warming during the spring-fall period. For this reason, advection through the Bays
from north to south would be expected to result in a horizontal gradient of water
properties, while local mixing would yield relatively uniform conditions in SB. F igure
3.4-4 shows the T-S curves for the Salem, Boston, Cohasset and Scituate stations in
the deepest portions of SB for the July 24, 1990 cruise. Note that through the deep
water, the curves are essentially coincident, supporting the mixing hypothesis over
advection for the period prior to the July cruise. In contrast, figure 3.4-5, which shows
T-S curves for the same four stations in October, 1990 clearly indicate an advective
event. The Scituate station, which is the furthest south of the four is distinct from
the other three, suggesting that the advected water had not yet reached that location.

The T-S curves provide sufficient confidence in the vertical mixing hypothesis
to make calculations based on it, useful at least through July 24. The variation in
temperature and salinity in the deep water was therefore used to estimate a vertical
diffusion coefficient in the pycnocline, and the residence time of the deep water. The
diffusion coefficient was estimated using one dimensional diffusion equations for the
salt and heat content of the lower layer. Horizontal diffusion and advection were
ignored. Temperature and salinity data were used to derive independent estimates of
the diffusion coefficient, allowing some verification of the assumptions. If horizontal
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processes were dominant, the two estimates might differ significantly. Horizontal vari-
ations in the T-S characteristics of laterally transported water would cause different
errors in estimates based on heat or salt. The diffusion equations used are:

onvi ar
ot K.4 0z
oV _ o, 05
ot K. A 0z

where T, Si, and Vj, are the temperature, salinity in the lower layer and the volume
of the lower layer respectively and K, is the vertical turbulent diffusivity. Note that
the temperature equation should use heat (pC,T) and the salinity equation should
use salt (pS). However the variations in p and C, are small enough to be reasonably
neglected for these calculations.

Examination of the temperature and salinity data at station BO7 gave the
following values for the lower layer temperature and salinity, the temperature and
salinity gradients in the pycnocline, the horizontal area at the top of the lower mixed
layer and volume of the lower mixed layer. The lower mixed layer was defined as
being below 40 m. Water properties are not completely uniform in the deep layer,
and it is difficult to define an upper boundary to the layer precisely. The volume and
area of the layer below 40 m are 3.48 x 10'° m® and 1.61 x 10° m? respectively.

Table 3.4-3

| Date [ T | S [0T/9= | 3S/0z |
4/13/90 | 3.50 | 33.01 | 0.025 [ -0.047
4/28/90 || 3.25 | 33.08 | 0.241 | -0.055
6/29/90 |l 4.75 [ 32.67 | 1.100 | -0.100
7/25/90 | 5.30 { 32.54 | 1.080 [ -0.088
9/28/90 | 7.60 | 32.51 | 0.194 | -0.021
10/17/90 |{ 8.40 | 32.63 | 0.241 | -0.035
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There is some variation in the time derivatives of temperature and salinity, but
a clear trend towards increasing temperature and decreasing salinity in the lower layer
is consistent with diffusion from above the pycnocline. An estimate of the diffusion
coefficient in the pycnocline was obtained by averaging the vertical gradients from
the 4/28 through the 9/28 cruises, and using the changes in temperature and salinity
over that period to estimate the time derivatives. Substituting these values, plus the
volume and area, into the diffusion equations results in equations containing only the
coeficients as unknowns. This results in: K" =0.11 cm?/s and K S =0.14 cm?/s,
where K is the diffusion coefficient derived from temperature and K3 is derived from
salinity. These values are reasonable for a strongly stratified water column. While
they are not identical, they are sufficiently similar to suggest that vertical diffusion
is important during this period.

The importance of diffusion in determining deep water characteristics in the
Bays suggests that a mean residence time for the bottom water during the summer
can be calculated from the ratios of the difference in temperature and salinity between
the surface and deep water and the time derivative of those properties:

™= (T~ )/ 5 )

where 7y is the residence time based on temperature variation, T}, is the surface tem-
perature and Tj, is the bottom temperature. A similar formula applies to the salinity
data, substituting S for T. The data at station BO6 indicate that the averaged over
the April to September period, T, — T} = 8.6°C and Ss~ Sy = —1.11 PSU. Using these
values and time derivatives derived from the above table, residence times are found to
be: 7y = 301 days and g = 298 days. Clearly these are longer than the period during
which the conditions on which they are based persist. Therefore these values should
be used as an indication of the rate of renewal by vertical diffusion during the summer
months, and not as actual residence times. The deep water is renewed more rapidly
than this by complete vertical mixing in late fall and winter. The importance of this
result is that the deep water in the Bays will remain relatively stagnant during this
period, and may accumulate introduced nutrients or contaminants. The estimates of
the vertical diffusion coefficient will be useful in estimating the flux of nutrients to
the upper layers during the summer in studying the phytoplankton ecology of the
Bays.
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3.4.5 Summary of Residence Time Estimates

The residence time estimates for different portions of the Bays, for different time
periods and by different methods are summarized in Table 3.4-4.

Table 3.4-4: Massachusetts/Cape Cod Bays residence time estimates

| Method [ Time Period | Region [ Residence Time |
Advective Year Top 20 M 47-52 days
Transport
Drifter Year Top 10 M ~28 days
Transit
Fresh Water | 4/26-28/90 | Upper mixed 14 days
Replacement layer
Fresh Water | 7/24-25/90 | Upper mixed 104 days
Replacement layer
Fresh Water | 10/16-18/90 | Upper mixed 63 days
Replacement layer
Fresh Water | 2/4-6/91 | Upper mixed 29 days
Replacement layer
Fresh Water | 3/20-23/91 | Upper mixed 30 days
Replacement layer
Fresh Water | 4/29-5/2/91 | Upper mixed 26 days
Replacement layer
Diffusion Spring-Fall >40 M ~300 days

These estimates indicate that the waters above the thermocline have short
residence times, most likely in the range of 20 to 50 days. The longer estimates
of residence times are probably not realistic; the shorter estimates may be valid for
short, energetic periods. The residence time of the waters in the thermocline and of
the deep waters are not known with confidence. It is plausible that the deep waters
of Stellwagen Basin have limited exchange with the overlying water or with the Gulf
of Maine waters during the period of strong stratification in the summertime.
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Figure 3.4-1 Sections for calculating mean throughflow in the Bays. The mooring
locations are indicated by asterisks.
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Figure 8.4-3 T-S diagrams for Stellwagen Basin (BO7) and Gulf of Maine (SC9)
from April through October, 1990.
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Figure 3.4-4 T-S diagrams for four stations in Stellwagen Basin in July, 1990.
All stations had nearly identical T-S characteristics in the deep layer.
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Figure 3.4-5  T-S diagrams for four stations in Stellwagen Basin in October,
1990. Station SC6, the southernmost station of the four, had different deep
characteristics than the other three stations, possibly due to advection from
the north.
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3.5 Suspehded Sediment Transport

The Massachusetts Bays Physical Oceanography experiment provided an opportu-
nity to make limited observations to investigate the frequency, extent and principal
processes causing sediment resuspension in the Massachusetts Bays. Transport of
sediments is important to the overall Bays Program because many contaminants ad-
here to fine-grained sediments and the transport and long-term fate of particles in the
system, both organic and inorganic, affects many aspects of the system. The extent
to which particles are resuspended from a site of initial deposition is a key step to
their long-term fate.

To monitor resuspended sediments, transmissometers were deployed at stations
BB, MN, RP, U6, BS and SC, typically at 10 mab. Observations were converted to
beam attenuation that is linearly proportional to suspended sediment concentration
for a fixed particle size and composition (Moody et al., 1987). The transmission
observations are sometimes difficult to interpret because of the changing concentration
and composition of suspended material and are often limited, especially towards the
end of the deployment, by biological fouling of the optical windows. However, they
provide a useful qualitative measure of resuspension events.

3.5.1 Observations at station BB

The observations at station BB (figure 1-3) show that sediments are episodically
resuspended from the seafloor during storms (figure 3.5-1). Resuspension is closely
correlated with the strength of oscillatory bottom wave currents that reach 30 cm/s
(at 8-10 second periods) during a typical storm. All of the major resuspension events
were associated with waves; the increased stress caused by these oscillatory currents,
rather than any mean, tidal or wind generated current is the primary stress that
resuspends sediments in this region of Massachusetts Bay. Resuspension events in
winter last a few days. The concentration of resuspended sediment was largest near
the bottom, but increased concentrations were observed at 10 mab and a 5 m from
the surface during some events.

Bottom stress (or bottom shear velocity Usyave) Caused by waves was calcu-
lated using the model of Grant and Madsen (1979) from wave observations obtained
at the LNB by NOAA. Theory does not exist for calculating bottom stress from a
complete wave spectrum; the wave stress used here was calculated from the significant
wave height and period and provides a useful proxy for the actual wave stress on the
seafloor. Resuspension events at the station BB were typically observed when this
estimate of bottom wave shear velocity exceeded approximately 2.5 cm s~1. During
periods of low wave stress (less than 2.5 cm s™!) winds were predominantly from the
west and bottom currents at station BB were onshore (figure 3.5-2). During periods
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of high bottom wave stress, winds were typically from the north and near bottom
currents were alongshore to the southwest and slightly offshore. These observations
suggest onshore transport of suspended material during tranquil periods and episodic
offshore and southerly alongshore transport of resuspended sediments during storms
in the northwestern corner of Massachusetts Bay.

Winds associated with low pressure systems that pass to the east of Massa-
chusetts Bay are typically from the north or northeast and have a large fetch over
the Gulf of Maine, generating large waves that propagate into the bay. For storms
that pass to the west, winds are from the south or west and the fetch is limited by
land. The association of large waves, wind from the north and east, and southerly
and offshore flow near the bottom is consistent with this storm climatology.

A time-series sediment trap was deployed at the long-term station (Butman
et al., 1992) to provide a measure of the quantity and type of material in suspension.
The flux of sediments to the trap is a function of the particle size and concentration
in the water column as well as the current flow past the trap. The rates of suspended
sediment collection measured since December 1989 suggest a seasonal pattern. In
general, the sediment collection rates display a maximum in spring, a minimum in
summer, followed by increasing fluxes again in late summer and fall. Large episodic
spikes in the fall winter and spring of 1990-91 are associated with individual storms.
This seasonal pattern is consistent with the hypothesis that fine-grained, organic-
rich sediments accumulate on the bottom in western Massachusetts Bay during the
tranquil summer months and then are resuspended and transported in response to
storms at the end of the summer season and in the winter.

3.5.2 Observations at U6

Observations at station U6 in the deep part of Stellwagen basin did not show re-
suspension associated with winter storms. Apparently none of the storms which
occurred during the observation period generated waves large enough to cause suffi-
ciently strong currents at 80 m depth to resuspend the sediments. Fluctuations in
suspended sediments were observed however that were not associated with any lo-
cal increase in near bottom current or wave activity. One hypothesis is that these
resuspension events were caused by bottom trawling.

It was anticipated that currents associated with the large high-frequency in-
ternal waves generated by the tidal flow across Stellwagen Bank in summer (Halpern,
1971; Haury et al., 1983) would be sufficient to resuspend the bottom sediments in
Stellwagen Basin. The waves may also break on the western shore of the bay after they
propagate across the basin, providing a mechanism in summer for local resuspension.
Although there is a significant internal tide at Station U6, it was apparently too close

, P
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to the generation region of the internal waves and the high-frequency packets have
not had time to form and thus large currents were not observed. The high-frequency
internal waves may be extremely important to summer-time resuspension of fine-
grained sediment in the Bay and to vertical mixing. Additional field measurements
are needed document and assess their role in the Massachusetts Bays.



388

WA00 Toap W44

-52’4'0 ] Suspended Sediment 4.0
£ 3.0 - - 3.0
bef
8 2.0 - 2.0
@
'._g 1.0 A - 1.0
&
O'o “““|lr[llll[[[“Illllll[fllllll[l[[ll|||l|[lrrl||[l|||lll“ll”lllllll”llIr]f“””rl[l[[[””l]”ll”[”' O~O
24 313 23 3 13 23 2 12 22 11
OCT  NOV DEC JAN FEB
1990 1991
50. - Bottom Wave Current r 50.

0. T T [ O T T I T O T T o e ey O.
24 3 13 23 3 13 23 2 12 22 1 11
OCT Nov DEC JAN FEB
1990 1991

Figure 3.5-1 Photograph of the sample bottles (top) from a time-series sediment
trap located 4 meters above the bottom at the long-term monitoring site (sta-
tion BB) shows the varying amount of material collected during approximately
9-day intervals from October 1990 until February 1991. The turbidity in the
bottom water (second panel) is related to the concentration of suspended mat-
ter in the water (the upward sloping baseline starting in December is a result
of biological fouling of the transmissometer optics used to make the measure-
ments). The close correlation between the four periods of high turbidity in
the water column and the four most intense periods of wave activity (bottom
panel) indicates that waves are the major cause of resuspension; the rates of
sediment collection in the sediment trap bottles also vary with the amount of
resuspension. From Butman et al. (1992).
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Figure 3.5-2 Histograms of the wind direction at the Large Navigational Buoy
and bottom current direction at Station BB during non-storm (U.yayve less
than 2.5 cm s~!) and storm periods (W.yqve greater 2.5 than cm s™). Usyave
is calculated from significant wave height and period measured at the Large
Navigational Buoy. Storm periods occurred only 3.6% of the time. The mean
wind stress during storm periods is from the northeast. Mean bottom current
during non-storm periods is onshore toward Boston Harbor. Mean bottom
current during storm periods is southward alongshore toward Cape Cod Bay
and slightly offshore toward Stellwagen Basin.
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4 Summary, Conclusions and Recommendations

(This section contains the same information that is included in the Executive Sum-
mary)

4.1 Summary

This physical oceanographic study of the Massachusetts Bays provided a bay-wide
description of the circulation and miXing processes on a seasonal basis. Most of
the measurements were conducted between April 1990 and June 1991 and consisted
of moored observations to study the current flow patterns, hydrographic surveys to
document the changes in water properties, high-resolution surveys of velocity and
water properties to provide information on the spatial variability of the flow, drifter
deployments to measure the currents, and acquisition of satellite images to provide a
bay-wide picture of the surface temperature and its spatial variability.

Key results are:

® There is a marked seasonal variation in stratification in the bays, from well
mixed conditions during the winter to strong stratification in the summertime.
The stratification acts as a partial barrier to exchange between the surface
waters and the deeper waters and causes the motion of the surface waters to be
decoupled from the more sluggish flow of the deep waters.

® During much of the year, there is weak but persistent counterclockwise flow
around the bays, made up of southwesterly flow past Cape Ann, southward flow
along the western shore, and outflow north of Race Point. The data suggest
that this residual flow pattern reverses in fall. F luctuations caused by wind and
density variations are typically larger than the long-term mean.

o With the exception of western Massachusetts Bay, flushing of the Bays is largely
the result of the mean throughflow. Residence time estimates of the surface
waters range from 20-45 days. The deeper water has a longer residence time,
but its value is difficult to estimate. There is evidence that the deep waters in
Stellwagen Basin are not renewed between the onset of stratification and the
fall cooling period.

o Current measurements made near the new outfall site in western Massachusetts
Bay suggest that water and material discharged there are not swept away in a
consistent direction by a well-defined steady current but are mixed and trans-
ported by a variety of processes, including the action of tides, winds, and river
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inflow. One-day particle excursions are typically less than 10 km. The outfall
is apparently located in a region to the west of the basin-wide residual flow
pattern.

o Observations in western Massachusetts Bay, near the location of the future
Boston sewage outfall, show that the surficial sediments are episodically re-
suspended from the seafloor during storms. The observations suggest onshore
transport of suspended material during tranquil periods and episodic offshore
and southerly alongshore transport of resuspended sediments during storms.

e The spatial complexity of the flow in the Massachusetts Bays is typical of
nearshore areas that have irregular coastal shorelines and topography and cur-
rents that are forced locally by wind and river runoff as well as by the flow
in adjacent regions. Numerical models are providing a mechanism to interpret
the complex spatial flow patterns that cannot be completely resolved by field
observations and to investigate key physical processes that control the physics
of water and particle transport.

4.2 Overall Findings

Water Properties

* The water properties in the Bays showed a marked seasonal cycle, varying from
cold, well-mixed waters during the winter to strongly stratified conditions during the
summer months. Stratification was dominated by salinity variation during the spring,
when run-off from the Maine rivers contributed to a reduction of near-surface salinity
due to local and regional river discharge. During the summer and fall, temperature
variations were the most important contributors to stratification. Variations in water
properties were found to be the result of several factors, including internal tides,
upwelling and downwelling, and run-off events. Internal tides cause tidal period
fluctuations in the height of the thermocline throughout the Bays, most notably in
Stellwagen Basin. Upwelling by southwesterly winds causes cold, sub-thermocline
water to reach the surface along the western portions of the Bays, with the most
intense upwelling occurring in Broad Sound. Downwelling, resulting from northerly
or northeasterly winds, causes a weakening of the stratification in the coastal regions.
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Circulation

The study indicated that there are several circulation regimes that apparently
result from distinct forcing agents. First there is a persistent counterclockwise flow
through the Bays that is apparently driven by the large scale circulation of the Gulf
of Maine. Second, there are episodic intrusions of relatively fresh, low-density fluid
resulting from run-off events in the rivers of the Gulf of Maine, with a lesser con-
tribution from the Charles River and the Massachusetts Water Resources Authority
(MWRA) outfalls. Third, there is a wind-driven regime associated with winds from
the northwest that reinforced the mean counterclockwise circulation pattern, and fi-
nally there is a wind-driven regime associated with southwest-northeast winds that
produces significant upwelling or downwelling in the coastal regions and a variable
response in the rest of the Bays. Deep currents tend to be weak, particularly during
the stratified seasons.

The study confirmed earlier observations that the dominant circulation regime
in the Bays is a counterclockwise flow that enters south of Cape Ann, flows south
through most of Massachusetts Bay, and exits north of Race Point. This flow regime
was found to persist through most of the observation period, the only significant
disruption occurring during the fall of 1990, when the circulation pattern appeared
to reverse itself. The counterclockwise circulation pattern is most evident in the
coastal flow (measured offshore of Scituate and Manomet) and in the outflow north
of Race Point. Based on drifter observations, the southward flow appears to extend
across Massachusetts Bay as far as Stellwagen Bank, with no obvious intensification
in the coastal region. However the mooring in Stellwagen Basin show little evidence
of a mean southward flow. This may be the result of tidal rectification of the flow
around Stellwagen Bank that resulted in a local current anomaly. Contrary to the
overall tendency of the Bays circulation, the region offshore of Boston Harbor does
not indicate a significant net southward flow. Cape Cod Bay appears to have a fairly
weak net throughflow except during periods of run-off events.

Run-off events were identifiable by decreased near-surface salinity, typically
10-20 days following a peak in run-off in the Maine rivers. The circulation pattern
is quite complex during run-off events in the northern portion of Massachusetts Bay,
but in the southern portion of the bay and Cape Cod Bay there is a distinct coastal
current, which reinforces the mean counterclockwise circulation regime. This pattern
of flow through Cape Cod Bay was most clearly evident in drifter trajectories following
periods of high run-off. Interestingly, there were no major run-off events in the Bays
during the winter months, in spite of some major freshwater flows in the Maine rivers.
Apparently the vertical mixing in the western Gulf of Maine is adequate to prevent
the development of a coastal current during the winter months.

Wind-driven motions were discerned by statistical analysis of the moored cur-
rent meter records. The strongest response of the currents is to along-bay winds,
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most often being northwesterlies, which drive a southward flow through the middle
of the Bays and outflow past Race Point, thus reinforcing the mean circulation. The
strongest response to the winds was observed along the coast off Scituate. South-
westerly winds result in upwelling along the coast, causing near-surface temperatures
to drop markedly as deep water was carried to the surface. Occasional northeasterly
storms cause strong downwelling, which results in weakening of the stratification in
the coastal regions.

Deep circulation is weak, and the deep throughflow was not well quantified. Ev-
idence from Stellwagen Basin suggests that there is little horizontal exchange during
the spring and summer months, with horizontal transport only becoming important
during the fall. This is also suggested by moored data at Race Point.

Exchange Rates

The residence times for the near-surface waters were estimated at 20-40 days,
based on the drifters and the moored and drifting velocity data. Lower values were
derived from the drifters than the moorings, and the discrepancies may relate on the
one hand to the small number of drifters deployed and on the other hand to the sparse
spacing of the moored instruments.

The residence time of the deep water was found to vary seasonally. During the
unstratified periods, coupling of the deep motion with the surface waters probably
results in residence times approaching values of the surface waters. However, the
decoupling of the upper and lower portions of the water column during stratified pe-

residence time of the deep water during the summer is comparable to the length of
time of stratification, or roughly 6 months.

The motion in western Massachusetts Bay, near the future sewage outfall, is
qualitatively different than most of the Bays in the sense that it does not exhibit a

occurs as a result of episodic processes, either by run-off events, winds, or some
combination, which causes the fluid to be carried far enough that it is incorporated
into the mean counterclockwise circulation.
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quantity in Cape Cod Bay due to the episodic variation in the circulation regime
there. It appears that during periods of freshwater inflow, there is a significant
non-tidal flow around the perimeter of Cape Cod Bay. This buoyancy driven flow
appears to be impeded by the shallow water in western Cape Cod Bay, resulting in
the accumulation of low salinity water in that region. During periods when there is
no freshwater inflow, the motions in Cape Cod Bay are weak. One drifter remained
in Cape Cod Bay for more than one month during the summer of 1990 before being
carried out past Race Point.

4.3 Recommendations

This study provides a solid observational foundation for understanding the physical
oceanographic regime of the Massachusetts Bays. Some analysis was undertaken in
this study, but by no means does it do justice to the wealth of information contained
in these data. All aspects of the physics deserve closer scrutiny than was possible
in the timescale of this report. The tidal processes, the density driven flow, and
wind-driven processes all should be examined in much greater detail. Only with an
understanding of the processes can the results of observations from one particular
period be used to draw inferences about the circulation processes occurring at other
times.

Numerical modeling is an important means by which to use the knowledge
gained about the Bays from this program in a predictive sense. Some early compar-
isons of the data to model results obtained from the USGS modeling effort suggest
that considerable insight into the dynamics and transport processes will come from a
combination of three-dimensional modeling and data analysis. Questions will arise in
the implementation of the numerical model regarding boundary and initial conditions
that may call for additional field measurements.

The need for models is argued in terms of what the present study could never
provide. Given the limited resources available, it will not be possible to determine the
complex temporal and spatial structure of the exchange between the Bays and the
Gulf well enough for quantitative prediction of contamination fluxes. Qur observations
provide a crude qualitative picture of the flow structures. Models, which represent
the physics reasonably well, will be used to provide the essential detailed description.
The validity of the model must be tested using observations. The Bays Program
observations will be used for that purpose. The model can only work if the conditions
along its open boundary are accurately specified. That specification could be provided
by very expensive observations and/or results from a “correct” model of the Gulf. In
either case, models and observations will have to be integrated — in ways like those
used by meteorologists — in order to (1) accurately describe the details of the flow
and water property structure at a particular time and (2) make predictions about the
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future.

Additional field measurements are also warranted to address important ques-
tions that did not receive adequate attention in this study. Vertical mixing and
exchange mechanisms are very important to the ecology of the Bays, since they de-
termine the rate at which nutrients can be supplied from the deep waters to the
euphotic zone. Additional field work is necessary to provide more quantitative infor-
mation about rates of vertical exchange by vertical mixing and coastal upwelling.

The impact of the new sewage outfall for Boston obviously provides a major
driving force for future studies. Since the outfall plume will be trapped in the lower
portion of the thermocline, additional measurements should focus on the circulation
of the waters between 15 and 25 m depth. Subsurface drifters would probably be very
valuable for describing the general characteristics of the flow at the depths that the
plume will be trapped.

We need a better understanding of how and when water enters the Bays. A
major forcing agent of the flow in the Bays is freshwater inflow from the Gulf of
Maine, yet we still cannot quantify the fraction of that water that enters the Bays.
A better understanding of this problem will come from a combination of modeling,
additional field measurements and more satellite data analysis.

Finally, we need more interdisciplinary studies, to address the relationship
between the physical processes and the ecology of the Bays. Many of the water
quality concerns of the Bays are related to impacts on the living resources. We need
to be able to quantify the response of the Bays ecosystem to changes in anthropogenic
inputs, yet we have little understanding of how the natural forcing agents influence the
ecosystem. The physical transport processes play key roles in the ecological response
of the Bays; that is why the Massachusetts Bays Program made this large investment
in physical oceanographic research. Future ecological research should be cognizant of
the physical factors that are influencing distributions of nutrients and organisms, and
likewise these ecological studies should provide insights to gain a better understanding
of the physical regime.
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